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Chapter 1
Jet quenching in high-energy heavy-ion collisions
Guang-you Qin1 and Xin-Nian Wang1,2
1Institute of Particle Physics and Key Laboratory of Quark and Lepton Physics
(MOE), Central China Normal University, Wuhan, 430079, China
2Nuclear Science Division, MS 70R0319, Lawrence Berkeley National Laboratory,
Berkeley, CA 94720
Jet quenching in high-energy heavy-ion collisions can be used to probe properties
of hot and dense quark-gluon plasma. We provide a brief introduction to the
concept and framework for the study of jet quenching. Different approaches
and implementation of multiple scattering and parton energy loss are discussed.
Recent progresses in the theoretical and phenomenological studies of jet quenching
in heavy-ion collisions at RHIC and LHC are reviewed.
1. Introduction
One of the main goals of ultra-relativistic nucleus-nucleus collisions, such as those
performed at the Relativistic Heavy-Ion Collider (RHIC) at Brookhaven National
Laboratory (BNL) and the Large Hadron Collider (LHC) at European Organiza-
tion for Nuclear Research (CERN), is to create the hot and dense quark-gluon
plasma (QGP) and study its various novel properties. QCD jets produced from
early stage collisions of beam quarks and gluons from two nuclei play an essen-
tial role in studying transport properties of the QGP produced in these energetic
collisions. During their propagation through the hot and dense medium, the inter-
action between hard jets and the colored medium will lead to parton energy loss (jet
quenching).1–3 There have been many striking experimental signatures of jet energy
loss observed at RHIC and the LHC, such as the suppression of inclusive hadron
spectra at high transverse momentum (pT ),
4–6 the modification of back-to-back
hadron-hadron and direct photon-hadron correlations,7–10 and the modification of
reconstructed jets11–14 and jet substructure,15–17 as compared to the expectations
from elementary proton-proton collisions.
During the last decades, extensive efforts have been devoted to the study of
jet quenching phenomena in ultra-relativistic heavy-ion collisions. The theoreti-
cal study of jet quenching in a dynamically evolving QGP in heavy-ion collisions
involves a variety of components, such as the initial jet production spectrum, a re-
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alistic description of the density profile of the medium, the propagation of hard jets
in the medium, and the hadronization (fragmentation) of jet partons. Production
rates for hard jets may be calculated within the framework of perturbative QCD
due to the hard scales involved in the jet production. The medium density profiles
are usually obtained from relativistic hydrodynamic calculations which have been
very successful in describing the dynamical evolution of the bulk matter and espe-
cially in explaining the observed anisotropic collective flows.18–22 The central topic
of jet quenching in heavy-ion collisions is concentrated on the detailed mechanisms
for the interaction of energetic partons with the hot and dense nuclear medium, and
the manifestation of medium modification of jets in the final state observables.
2. Jet quenching: general framework
Fig. 1. (Color online) Schematic illustration of high pT hadron production in high-energy nuclear
collisions which may be factorized into parton distribution functions, hard partonic scattering cross
section and fragmentation functions.
Due to large scales involved, the production of jets and the interaction of jets
with dense nuclear matter may be studied within the framework of perturbative
QCD. In perturbative QCD, processes involving large momentum transfer, such as
the production of high transverse momentum hadrons, can be described with con-
trolled uncertainties as the convolution of the incoming parton distribution functions
(PDFs), hard partonic scattering process, and the final state fragmentation function
(FFs), as illustrated Fig. 1. The cross section of inclusive hadron production at
high pT can be obtained as follows:
dσpp→hX ≈
∑
abjd
∫
dxa
∫
dxb
∫
dzjfa/p(xa, µf )⊗ fb/p(xb, µf )
⊗ dσab→jd(µf , µF , µR)⊗Dj→h(zj , µF ), (1)
November 11, 2015 1:40 World Scientific Review Volume - 9.75in x 6.5in ws-rv975x65-jet
Jet quenching in high-energy heavy-ion collisions 3
where xa = pa/PA, xb = pb/PB are the initial momentum fractions carried by the
interacting partons, zj = ph/pj is the momentum fraction carried by the final ob-
served hadron. fa/p(xa, µf ) and fb/p(xb, µf ) are two parton distribution functions,
dσab→jd(µf , µF , µR) is the differential cross section for parton scattering process,
and Dj→h(zj , µF ) is the fragmentation function for parton j to hadron h. There
are three different scales involved in the calculation: µf and µF are factorization
scales and µR is the renomalization scale; they are usually taken to be the same
µf = µF = µR as a typical hard scale Q involved in the process, such as the
hadron pT . The non-perturbative PDFs and FFs are universal, and their scale de-
pendences obey the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution
equations.23–25 They are usually determined by the global fit to the experimental
data from elementary collisions, such as e+e− experiments, deep inelastic scatter-
ings and proton-proton collisions.
The above formula is written at the leading order (LO) perturbative QCD. For
LO calculation of single inclusive hadron production in proton-proton collisions, one
needs LO 2 → 2 hard cross sections, LO resummed PDFs and FFs, and one-loop
expression for the strong coupling constant αs. Since hard cross sections at LO only
have 2 → 2 scattering processes, there is no dependence on the factorization scale
to compensate the scale dependence in resummed PDFs and FFs. This situation
can be greatly improved when we go beyond LO and perform full next-to-leading
order (NLO) calculation.
At NLO, one needs to calculate real 2→ 3 diagrams and 2→ 2 one-loop virtual
diagrams for hard scattering cross sections (see e.g.,26). Collinear singularities in
both real 2 → 3 processes and virtual one-loop 2 → 2 processes are absorbed in
PDFs and FFs at the factorization scales. Soft infrared singularities in real 2 → 3
processes are canceled by virtual one-loop 2→ 2 processes. The ultraviolet poles in
virtual diagrams are removed by the renormalization of the coupling constant αs at
the renormalization scale. Therefore, for NLO calculation of single inclusive hadron
production in proton-proton collisions, one needs, NLO hard cross sections , NLO
resummed PDFs and FFs, and two-loop expression for the strong coupling αs.
Fig. 2 shows the production cross section for high pT hadrons in proton-proton
collisions at
√
sNN = 200 GeV, compared to NLO pertubative QCD calculations.
26
We can see that NLO perturbative QCD can describe the production of single
inclusive hadrons at high pT very well, which indicates that the hard jets in vacuum
are under well control on both experimental and theoretical sides. This serves as
the baseline for studying jet-medium interaction and the nuclear modification of
jets in high-energy nucleus-nucleus collisions.
Often in many phenomenological studies (especially on jet quenching), LO ex-
pression is used with a multiplicative K factor introduced to mimic the NLO cor-
rections to hard jet production. But a constant K-factor usually over-predicts
the curvature of single inclusive hadron spectra, especially at small pT . This may
be partially corrected by the incorporation of the intrinsic kT -smearing of partons
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Fig. 2. (Color online) The cross section for high pT hadron production in proton-proton collisions
at RHIC, compared to NLO perturbative QCD calculations. The figure is taken from Ref.27
which originates from initial state radiation. To perform this, one can introduce
the so-called generalized parton distribution function:
f˜(x, k⊥, Q2) = f(x,Q2)g(k⊥), (2)
where g(kT ) is the intrinsic kT smearing function, which is often taken to be Gaus-
sian, g(kT ) = e
−k2T /〈k2T 〉/(pi〈k2T 〉). After taking into account the intrinsic kT , the
single inclusive hadron production can be calculated as:
dσpp→hX ≈
∑
abjd
∫
dxa
∫
dxb
∫
dzj
∫
d2kT,a
∫
d2kT,bf˜a/p(xa, kT,a, Q
2)
⊗ f˜b/p(xb, kT,b, Q2)⊗ dσab→jd(Q2)⊗Dh/j(zj , Q2). (3)
In the above equation, all the scales have been taken to be the same Q. Note that
with the inclusion of intrinsic kT , there will also be the modification of kinematics
in addition to the integrals
∫
d2kT,a
∫
d2kT,b.
28,29
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Fig. 3. (Color online) Nuclear modification factor for the valence and sea quark, and gluon
distribution in Pb nucleus at Q2 = 1.69 GeV2 and Q2 = 100 GeV2 from EPS09NLO,30 HKN07,31
and nDS.32 The figure is taken from Ref.30
When studying jet energy loss and jet quenching in ultra-relativistic heavy-ion
collisions, two types of nuclear effects need to be taken into account. First, the
PDF in nucleus fa/A is different from free proton PDF fa/p used in proton-proton
collisions. Such effect is often called cold nuclear matter (CNM) effect. To take
this into account, one may define the nuclear modification factor RAi (x,Q
2) for the
parton distribution function:
RAa (x,Q
2) = fa/A(x,Q
2)/fa/p(x,Q
2). (4)
The PDF nuclear modification factor RAi (x,Q
2) is often obtained by the global fit to
the data from deep inelastic scattering off a nucleus, proton-nucleus and deuteron-
nucleus collisions. Fig. 3 shows the nuclear modification factors RAi (x,Q
2) for the
valence quarks, sea quarks, and gluons in lead (Pb) nucleus at Q2 = 1.69 GeV2 (up-
per panels) and Q2 = 100 GeV2 (lower panels) from EPS09NLO,30 HKN07,31 and
nDS32 parameterizations. One can see that the nuclear modification of parton distri-
bution function generally has four different x regimes: shadowing, anti-shadowing,
EMC-effect, and Fermi-motion.
The second effect in high-energy nucleus-nucleus collisions is the production of
the hot and dense QGP medium. This is called hot nuclear matter effect and is
schematically illustrated in Fig. 4. Partonic jets which are produced from the initial
hard scattering processes have to travel through and interact with the hot and dense
nuclear matter before fragmenting into final state hadrons which are observed by
the detectors. By taking into account both cold and hot nuclear effects, the above
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factorized formula for single inclusive hadron production may be modified as
dσ˜AB→hX ≈
∑
abjj′d
fa/A(xa)⊗ fb/B(xb)⊗ dσab→jd ⊗ Pj→j′ ⊗Dh/j′(zj′), (5)
where the additional piece Pj→j′ describes the effect of the hard partons j interact-
ing with the colored medium before fragmenting into hadrons. Here for brevity, the
scale dependences of various quantities are not explicitly written. In phenomeno-
logical study, one often defines the so-called medium-modified FF for convenience,
by convoluting the vacuum FF with the parton-medium interaction function,
D˜h/j(zj) ≈
∑
j′
Pj→j′(pj′ |pj)⊗Dh/j′(zj′). (6)
This is schematically shown in Fig. 4. One may also define the medium-modified
parton scattering cross section by combining the vacuum cross section with the
parton-medium interaction function.
Fig. 4. (Color online) Schematic illustration of jet modification and parton energy loss in QGP
medium before the fragmentation into hadrons.
The above factorized formula has been widely used in phenomenological studies
of jet quenching in ultra-relativistic heavy-ion collisions. However, currently there
is no formal proof of such factorization yet. The assumption of factorization is
motivated by the fact that jet energy loss observed in nucleus-nucleus collisions is a
dynamical final state effect which occurs after the hard process. It is also consistent
with various phenomenological jet quenching studies.
As has been mentioned, the interaction of hard jets and the dense nuclear
medium usually leads to jet energy loss. One important observable is the sup-
pression of the single inclusive hadron yield at high pT in nucleus-nucleus collisions
as compared to the expectation from proton-proton collisions. In order to quan-
tify such nuclear modification effect, one may define the nuclear modification factor
RAA:
RAA(pT , y, φp) =
1
Ncoll
dNAA/dpT dydφp
dNAA/dpT dydφp
, (7)
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where Ncoll is the number of binary collisions for a given collision centrality class.
Similar nuclear modification quantities may be defined for the production of single
inclusive jets, as well as jets/hadrons triggered by jets/hadrons or direct photons.
Fig. 5. (Color online) Left: RAA for identified hadrons, direct photons and non-photonic electrons
measured by PHENIX in most central Au+Au collisions at
√
sNN = 200 GeV.
33 Right: RAA for
charged hadrons, direct photons, and Z/W bosons measured by CMS in most central Pb+Pb
collisions at
√
sNN = 2.76 TeV.
34
Fig. 5 shows the nuclear modification factor RAA as a function of pT for charged
hadrons, direct photons and other identified particles. The left shows PHENIX mea-
surement for most central Au+Au collisions at
√
sNN = 200 GeV, and the right
shows CMS measurements for most central Pb+Pb collisions at
√
sNN = 2.76 TeV.
One can see that the yields of high pT hadrons are strongly suppressed in nucleus-
nucleus collisions compared to those in proton-proton collisions, whereas the nuclear
modification factor RAA for high pT photons is consistent with unity. Since photons
carry no color charge, they only interact with surrounding matter electromagneti-
cally. Photons, once produced, will fly to the detectors without further rescattering
due to the fact that their mean free paths are much larger than the medium size.
This indicates that the observed strong suppression for high pT hadron production
is due to the final state effect, i.e., the interaction of partonic jets with the colored
medium which usually causes jets to lose a fraction of their energy.
3. Parton energy loss formalisms
Hard partonic jets may lose energy via a combination of both elastic and inelastic
collisions with the constituents of the hot and dense nuclear medium. The energy
loss of the primary hard parton occurred in 2→ 2 elastic collisions is usually called
elastic or collisional energy loss. Multiple scatterings with the medium constituents
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may induce additional radiation which takes away a fraction of energy from the
primary parton; this is called radiative energy loss. Fig. 6 shows the typical dia-
grams for the calculation of jet energy loss originating from collisional (left panel)
and radiative (right panel) processes.
Fig. 6. (Color online) Typical diagrams for collisional (left) and radiative (right) energy losses of
an energetic parton propagating through a hot and dense nuclear medium.
3.1. Radiative energy loss
Radiative energy loss has been regarded as the most important component in study-
ing parton energy loss in nuclear medium and jet quenching in relativistic heavy-ion
collisions. Even in absence of a medium, high-pT partons produced from the initial
hard collisions between the incoming partons will undergo vacuum splitting pro-
cesses and reduce their virtuality (offshellness). The presence of the hot and dense
medium will modify the gluon radiation or parton splitting processes as compared
to the vacuum case due to the rescatterings of the propagating parton shower with
the medium constituents.
One important effect in the study of medium-induced gluon emission or par-
ton splitting processes is the so-called Landau-Pomeranchuk-Migidal (LPM) ef-
fect.35,36 For small angle or collinear radiation, the primary parton and the radiated
gluon propagate along similar paths, and a finite time period (the formation time
τf ∼ 2ω/k2⊥, with ω and k⊥ the energy and transverse momentum of the radiation),
is required for the radiation process to complete. If the formation time τf of the
radiation is larger than the mean free path λ of the propagating parton, the multi-
ple scatterings experienced by the propagating parton can no longer be treated as
independent. Such quantum interference between successive scatterings caused by
the LPM effect will lead to the suppression of the radiation spectrum as compared
to the Bethe-Heitler spectrum which assumes incoherent multiple scatterings. For
the case of QCD, since the emitted gluons also carry color charge, their rescatter-
ings with soft gluons in the medium will produce more dominant contribution to
the modification of the radiation spectrum.
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A number of parton energy loss formalisms have been developed to study
medium-induced gluon bremsstrahlung and radiative process in dense nu-
clear medium, namely, Baier-Dokshitzer-Mueller-Peigne-Schiff-Zakharov (BDMPS-
Z),37–39 Gyulassy, Levai and Vitev (GLV),40–42 Amesto-Salgado-Wiedemann
(ASW),43,44 Arnold-Moore-Yaffe (AMY)45,46 and higher twist (HT)47,48 for-
malisms. In the following, we provide some basic information about different jet
quenching formalisms.
3.1.1. Single gluon emission
In most jet quenching formalisms, the starting point or the central goal is to
calculate the single gluon emission kernel (e.g., the differential radiation spectrum
dNg/dωdk
2
⊥dt or its variants). In Sec. 4, we will provide more details about the
single gluon emission kernel formula when presenting the phenomenological appli-
cations of jet quenching formalisms and the comparison to experimental data. In
this section we only give a brief general description of different formalisms and fo-
cus on the the similarity and differences among them. In the calculation of single
gluon emission kernel, various approaches differ in two main aspects: the assump-
tions about the medium and the treatments of multiple scatterings per emission.
A systematic comparison of different jet energy loss models has been performed in
the context of a “brick” of QGP in Ref.49 More details may be found there and the
references therein.
BDMPS-Z and ASW-MS formalisms
In the Baier-Dokshitzer-Mueller-Peigne-Schiff-Zakharov (BDMPS-Z)37–39 formal-
ism, the calculation of gluon radiation process is formulated in terms of a path-
integral in which the scatterings on multiple heavy static colored scattering centers
are resummed. The interference between vacuum and medium-induced radiation in
such a path-integral formulation is included later by Wiedemann.43,44 Most analyt-
ical and numerical calculations from the BDMPS-Z formalism utilize a saddle point
approximation, which assumes that the primary parton interacts with the medium
mainly via multiple soft scattering processes. The numerical implementations of
the multiple soft scattering version of the BDMPS-Z formalism are based on the
work on calculating the quenching weights by Amesto, Salgado and Wiedemann50
(usually denoted as ASW-MS). In such an implementation, the medium is fully
characterized by the jet transport coefficient qˆ = d〈∆p2T 〉/dL which characterizes
the mean of the transverse momentum squared exchanged between the propagating
parton and the colored medium per unit path length.
DGLV and ASW-SH formalisms
The opacity expansion was developed by Gyulassy, Levai and Vitev (GLV)40–42
and independently by Wiedemann.43,44 Such approach is based on a systematic
November 11, 2015 1:40 World Scientific Review Volume - 9.75in x 6.5in ws-rv975x65-jet
10 Guang-You Qin and Xin-Nian Wang
expansion in terms of the number of scatterings experienced by the propagating
parton. The interference between the vacuum and medium-induced radiation is
included in this formalism. In most phenomenological calculations, only the leading
term (N = 1) in the expansion is included and usually called single hard scattering
limit. The medium effect in this approach is characterized by two parameters: the
density ρ of the scattering centers (or the mean free path λ of the propagating
parton) and the Deybe screening mass µD which is introduced to regulate the
infrared behavior of single scattering cross section. The opacity expansion was first
developed using heavy static scattering centers to characterize the medium, and the
extension to the medium with dynamical scattering centers was later performed by
Djordjevic and Heinz.51 There are two different model implementations for this
approach, namely, DGLV51 and the single hard scattering limit of ASW formalism
(ASW-SH).50
AMY formalism
Arnold-Moore-Yaffe (AMY) approach45,46 is a quantum field theory formulation of
parton energy loss in a weakly-coupled medium in thermal equilibrium. The medium
that the hard propagating parton interacts is formulated as a thermal equilibrium
state in the framework of Hard Thermal Loop (HTL) finite temperature field theory.
The properties of the colored medium are characterized fully by its temperature.
In phenomenological calculations, the model parameter is usually taken to be the
strong coupling constant αs = g
2
s/(4pi). The AMY formalism was first developed
assuming infinite length for the medium, and was recently improved to include the
effect of finite medium length by Caron-Huot and Gale.52 In this approach, the
incoming parton is assumed to be almost on-shell, thus the vacuum radiation of
incoming partons is not included, and only the medium-induced effect is taken into
account. Since the perturbative description of the thermal QGP medium is applied,
the AMY formalism in principle only applies at very high temperature.
HT formalism
Higher-twist parton energy loss formalism was pioneered by Guo and Wang.47,48
In this approach, the properties of the medium enter into the calculation in terms
of higher-twist matrix elements. In phenomenological applications, one usually fac-
torizes out the nuclear PDFs of the incoming stuck parton from the higher-twist
matrix elements, and the remainder of the matrix elements describes the interaction
between the final state propagating parton and the dense nuclear medium. The for-
malism was first developed for single scattering and was later extended to include
multiple scatterings per emission by Majumder.53 Similar to the GLV formalism,
most numerical implementations of the HT approach still make use of single scat-
tering per emission approximation. However, the characterization of the medium in
the HT scheme is a little different from GLV. While GLV takes the full functional
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form for the the single scattering cross section, HT takes the leading moment of the
exchanged transverse momentum distribution. Therefore the medium in the HT
formalism is solely characterized by the jet quenching parameter qˆ. Note that a
recent study has shown that the stimulated radiation process may be modified by
the longitudinal momentum exchange with the medium constituents (such as the
longitudinal drag and diffusion).54
Despite many differences among various parton energy loss formalisms as has
been mentioned above, there are three main common assumptions that are made in
most calculations. The first is the eikonal approximation which assumes both the
incoming parton energy E and radiated gluon energy ω are much larger than the
transverse momentum q⊥ exchanged with the medium constituents, i.e., E,ω  q⊥,
so the partons are traveling along eikonal trajectories. Additionally, soft radiation
approximation is often imposed in some approaches, so that the gluon energy ω is
assumed to be much smaller the primary parton energy E, i.e., x = ω/E  1 (Note
that such approximation is not made in the AMY calculation). The second com-
mon approximation is the collinear or small-angle radiation approximation which
assumes that the transverse momentum k⊥ of the radiated gluon is much smaller
than its energy ω, i.e., k⊥  ω. The third approximation assumes that the mo-
mentum transfer between the hard parton and the medium is localized. This means
that the mean free path λ of the propagating parton is much larger than the Debye
screening length λD = 1/µD. More extensive discussions on the effects of different
approximations on the calculation of medium-induced gluon radiation and parton
energy loss may be found in Ref.49
3.1.2. Multiple Gluon Emission
In general multiple parton splitting may occur in medium, similar to the case
of vacuum parton shower. A full calculation of multiple parton final state would
include the interference between different emissions. There has been some effort
made along this direction, such as the calculations of the interference between two
emitters (the antenna problem),55 but the generalization of these results to the case
of multiple parton emission is still not clear at present. In all available phenomeno-
logical studies, a common practice to calculate multiple gluon emission is based
on the repeated application of the single gluon emission kernel (as schematically
illustrated in Fig. 7). In the following we will present different prescriptions used
for the calculation of multiple gluon emission.
Poisson ansatz
One popular method to obtain multiple gluon emission is the use of Poisson con-
volution which assumes that the number of emitted gluons in a given path follows
a Poison distribution. The mean of the Poisson distribution is obtained by the
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Fig. 7. (Color online) Schematically illustration of multiple gluon emission reduced to the re-
peated application of single gluon emission kernel.
integral of single gluon emission kernel, while the energy distribution of each emit-
ted gluon obeys the single gluon emission spectrum. This method has been widely
applied in phenomenological studies using GLV and ASW formalisms.50,56,57 The
central quantity using Poisson ansatz is to calculate the probability distribution
P (∆E) of parton energy loss, which may be obtained from single gluon emission
kernel dNg/dω as follows:
P (∆E) =
∞∑
n=0
e−〈Ng〉
n!
[
n∏
i=1
∫
dω
dNg(ω)
dω
]
δ
(
∆E −
n∑
i=1
ωi
)
, (8)
where dN/dω is the spectrum for single gluon emission and 〈Ng〉 =
∫
dωdNg/dω
is the average number of radiated gluons. In most jet energy loss calculations
that use Poisson ansatz, the degrading of the primary parton energy during its
propagation is not dynamically updated after each emission, therefore there could
be finite probability for the total radiated energy larger than the incoming parent
parton energy. In practice such finite probability is treated as the probability for
jet to lose its total energy.
Transport models
Transport approach is another popular method in the study of parton evolu-
tion in medium. In the AMY formalism, the transport rate equations have
been solved to obtain the time evolution of jet energy (momentum) distributions
f(p) = dN(p)/dp.58,59 The coupled rate equations can be schematically written as:
df(p, t)
dt
=
∫
dk
[
f(p+ k, t)
dΓ(p+ k, k, t)
dkdt
− f(p, t)dΓ(p, k, t)
dkdt
]
, (9)
where dΓ(p, k, t)/dkdt is the differential rate for a parton with momentum p to lose
momentum k (the parton species may change and the indices for parton species are
not explicitly written in the above generic formula). The above transport equation
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includes the coupling between quark and gluon distributions of the jets (fq and
fg), and keep track of the change of parton energy during its propagation. By
performing the
∫
dk integration from −∞ to ∞, the above rate equation also takes
into account the absorption of thermal partons from the medium, thus preserve the
detailed balance.
The transport approach for jet propagation in medium has also been recently
implemented in a Linear Boltzmann Transport (LBT) model60–62 which not only
follows the propagation of jet shower partons but also keeps track of medium recoil
partons so that energy and momentum are conversed throughout the transport pro-
cesses. Within the LBT model, the propagation of jet shower partons and medium
excitation is simulated according to a linearized Boltzmann equation
p1 · ∂f1(p1) = −
∫
dp2dp3dp4(f1f2 − f3f4)|M12→34|2
× (2pi)4δ4(p1 + p2 − p3 − p4), (10)
where dpi = d
3pi/[2Ei(2pi)
3], fi = 1/(e
p·u/T ± 1) (i = 2, 4) are parton phase-space
distributions in a thermal medium with local temperature T and fluid velocity
u = (1, ~v)/
√
1− ~v2, and fi = (2pi)3δ3(~p − ~pi)δ3(~x − ~xi − ~vit) (i = 1, 3) are the
parton phase-space densities before and after scattering. For elastic scatterings, the
amplitudes |M12→34|2 are given by the lowest order (LO) pQCD parton scattering
processes. Partons are assumed to propagate along classical trajectories between
two adjacent scatterings. The probability of scattering in each time step ∆t is
determined by,
Pa = 1− exp
[
−∆tp · u
E
Γa(p · u, T )
]
, (11)
where Γa is the total scattering rate for parton type a with four-momentum p in
the local fluid comoving frame. The backreaction in the Boltzmann transport is
accounted for by subtracting initial thermal partons (p2), denoted as “negative”
partons, from the final observables after been transported also according to the
Boltzmann equation. These negative partons are considered as part of the recoiled
partons that are responsible for jet-induced medium excitations.60 Induced radia-
tion accompanying each elastic scattering is simulated according to the HT approach
and multiple gluon emissions within each time step are included according to the
Poisson distribution in Eq. (8).
Modified DGLAP evolution
HT formalism was developed using perturbative QCD power expansion. It solves
the following DGLAP-like evolution equations to obtain the medium-modified frag-
mentation function D˜(z,Q2):63–66
∂D˜(z,Q2, q−)
∂ lnQ2
=
αs
2pi
∫
dy
y
P (y)
∫
dζ−K(ζ−, Q2, q−, y)D˜(z/y,Q2, q−y), (12)
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where q− is the light-cone energy of the hard jet, y the fractional energy of the
radiation, and ζ− is the location of the jet. P (y) is the vacuum splitting function
and K(ζ−, Q2, q−, y) is the kernel for the parton-medium scattering which induces
additional radiation process (see Sec. 4 for its detailed expression). In DGLAP-like
evolution, the coupling between quark and gluon fragmentation function (Dq and
Dg) is included, and the change of parton energy during its propagation may be
traced as well. The contribution from vacuum radiation is also implicitly included
in the above equation.
There are some conceptual difference between the above three methods. AMY
rate equations, LBT model and HT DGLAP-like evolution equations have two as-
pects of improvement as compared to the Poisson convolution used by BDMPS,
GLV and ASW formalism, First, the evolution equations used by the AMY, LBT
and HT formalisms keep track of all shower partons while the Poisson convolution
only trace the lost energy of the leading parton. In addition, AMY, LBT and HT
include the change of the emission probability due to the degrading of jet energy
during its propagation, but the Poisson convolution does not. Thus the use of
Poisson convolution may lead to finite probability to lose more energy than the
parent parton (such issue may be fixed by using Monte-Carlo method to calculate
the probability distribution P (∆E), as done in Ref.66).
In spite of these differences, there is one important point that is not well ad-
dressed in all parton energy loss models: the gluon radiation process is not a purely
local phenomenon, but has a finite formation time τf . Therefore, the evolution of jet
energy loss should be accompanied at the same by an evolution in the coordinate
space, i.e., as the jet energy degrades along its propagation, the remaining path
length through the medium decreases as well. Many jet quenching models have
taken into account the evolution of the medium and the corresponding change in
the local medium information (such as the temperature, the energy/entropy density
and the flow velocities), but the combination of the local information and the true
finite size effect has not yet been included at present.
3.2. Collisional energy loss
Collisional energy loss of hard jets propagating through nuclear matter was first
studied by Bjorken in 19821 and then by a few others in recent years.57,59,67–71
Many calculations of collisional energy loss were performed in the framework of
perturbative finite temperature field theory. Collisional energy loss may be treated
in the same footing as radiative energy loss in the AMY formalism59,71 and the
LBT model.60–62 In BDMPS-Z, GLV and ASW approaches, the medium is mod-
eled as a collection of heavy static scattering centers, therefore by construction
these formalisms neglect the recoil effects and thus conceptually does not allow for
collisional energy loss for the propagating hard partons. In phenomenological ap-
plication, collisional energy loss in these formalisms is added independently from
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radiative energy loss. It is noted that the GLV formalism has been extended to
the medium with dynamical scattering centers (DGLV), thus both collisional and
radiative energy loss may be formulated in the same setup (DGLV).51,70 In the HT
formalism, elastic collisions may be added as additional component characterized
by the longitudinal drag and diffusion of the propagating hard partons.64,72,73
Fig. 8. (Color online) Left: Average energy loss of a light quark produced at the center of medium
passing through the nuclear medium created in most 0-5% central collisions at RHIC.59 Right:
Average energy loss of a bottom quark passing through the nuclear medium created in most 0-7.5%
central collisions at the LHC.74
Compared to the radiative component of jet energy loss, collisions energy loss
is usually considered to be small for light flavor (leading) partons, especially when
the energy of the jet is sufficiently high.57,59,71 However in realistic calculation of
nuclear modification factor RAA at RHIC and the LHC energies, collisional energy
loss may give sizable contribution and cannot be simply neglected.57,59 For heavy
quarks, elastic collisions are usually considered as the dominant energy loss mecha-
nism, especially at low and intermediate energy regimes,68,75 due to the large finite
masses of heavy quarks which tend to reduce the phase space of medium-induced
gluon radiation (this is usually called the dead-cone effect76). When going to the
high-energy regimes where heavy quarks become ultra-relativistic as well, collisional
energy loss alone is no longer sufficient for simulating the in-medium evolution of
heavy quarks, and radiative contribution becomes more significant.77–80 This can
be seen from Fig. 8 which shows the comparison between radiative and collisional
energy loss: the left panel for light partons and the right for bottom quarks. We
can see that for bottom quarks, below around 17 GeV collisional energy loss dom-
inates; above this transition energy, the effect from the finite mass becomes small
and radiative components starts to dominate.74 As we will discuss in Sec. 5, colli-
sional energy loss may play an important role in understanding the energy loss and
nuclear modification of full jet in dense nuclear medium.81 It is also an essential
ingredient when studying the response of the medium to propagating hard jet82,83
(see Sec. 6).
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4. Recent developments on phenomenology and theory: qˆ, etc.
The main purpose of jet quenching study is to understand the detailed mechanisms
of jet-medium interaction and their manifestation in the final state observables.
The ultimate goal is to extract various novel properties of the hot and dense QGP
produced in ultra-relativistic heavy-ion collisions. To achieve this goal, one impor-
tant strategy is to perform systematic phenomenological studies of jet quenching
and compare to a wealth of experimental measurements of final state observables,
such as single inclusive hadron production at high pT , the reconstructed jets and
their substructures, and hadrons/jets correlated with high-pT hadrons/jets or direct
photons, and so on.
Recently much attention of jet quenching study has been paid to the quantitative
extraction of various jet transport coefficients, such as the transverse momentum
diffusion rate qˆ, the elastic energy loss rate eˆ = dE/dt and the diffusion of elastic
energy loss eˆ2 = d(∆E)
2/dt, etc.37,72,73 At leading order, these parameters quan-
tify the transverse and longitudinal momenta transferred between the propagating
hard partons and the dense nuclear medium via 2 → 2 elastic collisions. Since jet
transport coefficients can generally be written as the correlations of gluon fields of
the dense nuclear medium, they should be able to provide a lot of information about
the internal structures of and the interaction nature of the QGP matter produced
in high-energy heavy-ion collisions.
In terms of the three-momentum distribution f(l−q , lq⊥, L
−) of the propagating
parton, where l−q , lq⊥ and L
− are light-cone energy, the transverse momentum, and
the light cone time (length), the effect of multiple elastic scatterings experienced by
the hard parton can be described via the following evolution equation,73,84
∂f
∂L−
=
[
DL1
∂
∂l−q
+
1
2
DL2
∂2
∂2l−q
+
1
2
DT2∇2lq⊥ + · · ·
]
f(L−, l−q , lq⊥). (13)
The above equation is cut off up to the second order in the gradient expansion of
exchanged momentum, and the higher order terms are contained in “· · · ”. The
coefficients DL1, DL2 and DT2 are defined in the light-cone coordinate; they are
related to eˆ, eˆ2 and qˆ as follows:
eˆ = DL1, eˆ2 = DL2/
√
2, qˆ = 2
√
2DT2. (14)
Using the initial condition f(l−q , lq⊥, L
− = 0) = δ(l−q − q−)δ2(lq⊥), the solution for
f(l−q , lq⊥, L
−) at a later time L− can be obtained as,
f(l−q , lq⊥, L
−) =
e−(l
−
q −q−+DL1L−)2/(2DL2L−)√
2piDL2L−
e−l
2
q⊥/(2DT2L
−)
2piDT2L−
. (15)
One can see that the parton momentum distribution is a Gaussian, due to the fact
that only up to the second order terms are included in the evolution equation. From
the momentum distribution, one may obtain
〈l−q 〉 = q− −DL1L−, 〈(l−q )2〉 − 〈l−q 〉2 = DL2L−, 〈l2q⊥〉 = 2DT2L−. (16)
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Therefore, the three terms in Eq (13) represent the contributions from the longitu-
dinal momentum loss and diffusion, and the diffusion of transverse momentum of
the propagating hard parton.
Particular interest has been paid to the jet quenching parameter qˆ. It not only
quantifies the transverse momentum squared exchanged between propagating jets
and the nuclear medium, but also plays an important role in describing medium-
induced radiative energy loss. The medium modification of radiative process is
thought to be dominated by the transverse momentum exchange between the prop-
agating hard jet with the constituents of the dense medium. The importance of
jet quenching parameter qˆ has also been emphasized earlier in Ref.85 in which a
general relation between the jet parameter qˆ and the shear viscosity η is derived
for weakly-coupled partonic plasmas such as the QGP at sufficiently high tempera-
ture. In a weakly-coupled scenario, the properties of the medium can be described
perturbatively on the basis of an appropriate, partonic quasi-particle picture. Since
the shear viscosity to entropy ratio η/s saturates in the strong coupling limit as
suggested by the Super Yang-Mills (SYM) calculations, while qˆ/T 3 continues to
increase, it is argued that qˆ/T 3 may serve as a better and more broadly applica-
ble measure of the coupling strength of a QGP than the transport coefficient η/s.
In addition, a general relation between T 3/qˆ and η/s is conjectured in Ref.85 as
follows:
T 3
qˆ
=
{≈ ηs , weakly-coupled,
 ηs , strongly-coupled.
(17)
This relation indicates that the precise determination of both quantities (qˆ/T 3 and
η/s) by systematic phenomenological studies will allow us to quantitatively estimate
the interaction strength (nature) of the QGP produced in ultra-relativistic heavy-ion
collisions, e.g., when and how a weakly-coupled quark gluon system at sufficiently
high temperatures turns into a strongly-coupled fluid at the energies achieved by
RHIC and the LHC heavy-ion experiments.
4.1. Phenomenological studies at RHIC and the LHC
The study of jet quenching in the dynamically evolving heavy-ion collisions needs
a variety of components: the initial hard parton spectrum, a realistic description
of the density profiles of the medium, the modeling of jet propagation in dense
nuclear medium, and the hadronization (fragmentation) of jets after passing through
the medium. In spite of the complexity involved, tremendous phenomenological
studies have been performed in recent years, see e.g., Ref.,86–95 in which various
jet quenching observables have been investigated utilizing different jet energy loss
model calculations.
A significant collaborative effort on the phenomenological study of jet quench-
ing at RHIC and the LHC was recently performed within the framework of JET
Collaboration.96 In this survey, within five different existing approaches to parton
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propagation and medium-induced energy loss in dense medium, systematic phe-
nomenological studies was carried out on the experimental data on the nuclear
modification of single inclusive hadrons at large pT in relativistic heavy-ion colli-
sions at the RHIC and the LHC . The space-time evolution of the QGP medium
used in the study was simulated by the (2+1)-dimensional or (3+1)-dimensional
hydrodynamic models which have been constrained by the experimental data on
the bulk hadron spectra and anisotropic collective flow. The goal of this collab-
orative study is to quantitatively extract the jet quenching parameter qˆ and its
systematic uncertainties due to model dependence by using the constraint from
the experimental data. The five parton energy loss approaches used for such study
are: McGill-AMY,59 Martini-AMY,97 HT-M,65 HT-BW,98 DGLV-CUJET.99 In the
following we provide some details about different model implementations.
DGLV-CUJET model
The DGLV-CUJET code99 was developed at Columbia University as part of JET
Collaboration. It includes both radiative energy loss and elastic energy loss based
on DGLV formalism with dynamical scattering centers. The code takes into account
the effects of multi-scale running of the QCD coupling αs(Q
2) in the DGLV opacity
expansion series.
At the first order in the opacity expansion, the medium-induced radiative gluon
distribution in the running coupling DGLV (rcDGLV) formalism is given by,
x
dNg
dx
(r, τ) =
∫
dτρg(r + nˆ(φ)τ, τ)
∫
d2q⊥
pi
dσ
d2q⊥
∫
d2k⊥
pi
αs(k
2
⊥/x(1− x))
× 12(k⊥ + q⊥)
(k⊥ + q⊥)2 + χ(τ)
·
(
k⊥ + q⊥
(k⊥ + q⊥)2 + χ(τ)
− k⊥
k2⊥ + χ(τ)
)
×
(
1− cos
[
(k⊥ + q⊥)2 + χ(τ)
2x+E
])
, (18)
where x and k⊥ are the fractional energy and transverse momentum of the radiated
gluon with respect to the parent parton, q⊥ is the transverse momentum exchanged
with medium constituents in a single scattering. ρg(r + nˆτ, τ) is the local gluon
density of the medium, with r the location of the hard parton, nˆ(φ) the propagation
direction in transverse plane, and τ the evolution time. The effective differential
quark-gluon cross section dσ/d2q⊥ is given by
dσ
d2q⊥
=
α2s(q
2
⊥)
(q2⊥ + f
2
Eµ
2(τ))(q2⊥ + f
2
Mµ
2(τ))
, (19)
where µ2(τ) = 4piαs(4T
2)T 2 is the local HTL color electric Debye screening mass
squared calculated for a pure gluonic plasma. In the above equation, the scale
χ(τ) = M2x2+ + f
2
Eµ
2(T )(1 − x+)/
√
2 is utilized to regulate infrared behaviors
and control the dead cone and LPM destructive interference effects due to fi-
nite quark mass M and a asymptotic thermal gluon mass mg = fEµ(T )/
√
2.
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(fE , fM ) is the HTL deformation parameters which controls the electric and mag-
netic screening scales related to the HTL. The vacuum running coupling αs(Q
2) =
min[αmax, 2pi/9 ln(Q
2/Λ2)] is used in the calculation. In CUJET-GLV, there are
three main model parameters: (αmax, fE , fM ), and the default values for (fE , fM )
are taken to be (1, 0).
In CUJET-GLV code, for each production vertex and propagation direction
(r, nˆ), the Monte-Carlo integration method is used to evaluate the gluon emission
spectra dNg/dx and average number of gluons 〈Ng〉. A Poisson ansatz is then uti-
lized to estimate the effect of multiple gluon emission and to obtain the probability
distribution of energy loss Prad(∆E|E0, r, nˆ),
Prad(∆E|E0, r,n) =
∞∑
n=0
e−〈Ng〉
n!
[
n∏
i=1
∫
dx
dNg
dx
]
δ
(
∆E −
n∑
i=1
xiE0
)
. (20)
The code also computes the elastic energy loss probability Pel(∆E|E0, r, nˆ), which
is convoluted with radiative contribution to get total energy loss distribution
Ptot(∆E|E0, r, nˆ). The final total energy loss distribution Ptot(∆E|E0, r, nˆ) is then
convoluted with initial parton jet spectra dNpp/dpT dy(pT , y|r, nˆ) to get the final
modified parton spectra dNAA/dpT dy(pT , y|r, nˆ). By averaging over initial jet pro-
duction configuration (which is determined by Glauber model) and fragmentation
(and decay) functions, one gets final spectra and nuclear modification factors for
hadrons (or leptons) to be compared with the experimental data.
HT-BW model
In Higher-Twist-Berkeley-Wuhan (HT-BW) model,98 the medium modified frag-
mentation function is given by
D˜q→h(zh, Q2) = Dq→h(zh, Q2) +
αs
2pi
∫ Q2
0
dl2⊥
l2⊥
∫ 1
zh
dz
z
×
[
∆γq→qg(z, l2⊥)Dq→h(
zh
z
) + ∆γq→gq(z, l2⊥)Dg→h(
zh
z
)
]
, (21)
where z and l⊥ are the momentum fraction and transverse momentum of the daugh-
ter partons with respect to the parent parton. The above medium modified frag-
mentation functions are very similar to the vacuum radiation corrections which
lead to vacuum DGLAP evolution equation, except that now the splitting function
∆γq→qg(z, l2⊥) and ∆γq→qq(z, l
2
⊥) depend on the properties of the medium via jet
transport coefficient qˆ. More specifically, the medium-modified splitting function
for a quark jet ∆γq→qg(z, l2⊥) is given by
∆γq→qg(z, l2⊥) = CA
1
l2⊥
1 + z2
1− z
(
1− 1− z
2
)∫
dy−qˆ(y−)4 sin2
[
l2⊥y
4Ez(1− z)
]
,(22)
where qˆ(y−) is the transport coefficient for a quark jet at a given location y−. Note
that an extra factor of 1− (1−z)/2 is to include the corrections beyond the helicity
amplitude approximation.100
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In HT-BW calculation, the jet transport coefficient qˆ is assumed to be propor-
tional to the local parton density in the QGP phase or the local hadron density in
the hadronic phase:
qˆ(τ, r) =
[
qˆ0
ρQGP (τ, r)
ρQGP (τ0, 0)
(1− fh) + qˆh(τ, r)fh
]
×
(
p · u
p0
)
, (23)
where τ and r are the time and the location. qˆ0 is the jet transport parameter at
the center of the bulk medium in QGP phase at initial time τ0, and ρQGP is the
parton density in an ideal gas at a given temperature, fh is the fraction of hadronic
phase at any given time τ and space location r. The extra factor (p · u/p0) is to
take into account the effect of a dynamically evolving medium on the jet transport
coefficient, with uµ the local four flow velocity of the fluid. Assuming a hadron
resonance gas, the jet transport parameter in the hadron phase is approximated as:
qˆh =
qˆN
ρN
[
2
3
∑
M
ρM (T ) +
∑
B
ρB(T )
]
, (24)
where ρM and ρB are the meson and baryon density at a given temperature, and
ρN = 0.17 fm
−3 is the nucleon density in the center of a large nucleus. qˆN is the
jet transport parameter for a quark through a large nucleus and taken to be qˆN =
0.02 GeV2/fm from recent studies of deeply inelastic scattering (DIS) compared to
HERMES data.101
HT-M model
The Higher-Twist-Majumder (HT-M) approach65 is similar to the HT-BW model,
but it includes multiple gluon emission through a set of effective modified QCD
evolution equations. The medium-modified fragmentation functions are obtained
by solving the DGLAP-like evolution equations with a vacuum splitting kernel plus
a medium-induced contribution. This model explicitly assumes the factorization of
hard scattering cross section from the final fragmentation function.
In HT-M model, there are two contributions to the medium-modified fragmen-
tation functions: one from vacuum evolution and the other from medium-modified
evolution. For the quark fragmentation function, the vacuum DGLAP evolution
equations is given by,
∂Dq→h(z,Q2)
∂ lnQ2
=
∑
i
αs
2pi
∫ 1
z
dy
y
Pq→i(y)Di→h(
z
y
,Q2). (25)
The medium modified DGLAP-like evolution equations read as follows,
∂Dq→h(z,Q2, q−)|ζ
−
f
ζ−i
∂ lnQ2
=
∑
i
αs
2pi
∫ 1
z
dy
y
Pq→i(y)
×
∫ ζ−f
ζ−i
dζK(ζ−, y,Q2, q−)Di→h(
z
y
,Q2, q−y)|ζ
−
f
ζ− . (26)
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In the above equations, Pq→i(y) is the regular vacuum splitting function. The
medium modification effect is contained in the scattering kernel K(ζ−, y,Q2, q−),
with ζ− the location of the scattering. ζ−i , ζ
−
f are the original and final locations
of the hard parton. The contribution to the scattering kernel K(ζ−, y,Q2, q−) from
the leading power correction is given by
K(ζ−, y,Q2, q−) =
[qˆA(ζ
−)− (1− y)qˆA/2 + (1− y)2qˆF ]
Q2
4 sin2
[
Q2(ζ− − ζ−i )
4q−y(1− y)
]
.(27)
The jet transport coefficient qˆA and qˆF are for a gluon jet and a quark jet, and they
are related to each other as qˆF /qˆA = CF /CA.
In the HT-M model, the jet quenching parameter qˆ is assumed to scale with the
entropy density of the dense nuclear medium (either QGP or hadronic phase),
qˆ(s)
qˆ0
=
s
s0
, (28)
where s0 is the maximum entropy density achieved at an initial time τ0 at the center
of the medium (produced in most central collisions at RHIC).
When solving both vacuum and medium modified evolution equations, the input
fragmentation functions are needed. In HT-M model, the inputs are taken as the
vacuum fragmentation functions at the input scale Q20 = pT /L, where pT is the
transverse momentum of the parton and the length factor L is the mean escape
length of the hard jet obtained via using the single gluon emission kernel. Such input
vacuum fragmentation functions are obtained according to the vacuum evolution
equations from Q20 = 1 GeV
2.
McGill-AMY model
In McGill-AMY model,59 the medium-induced radiation and elastic scattering pro-
cesses are described by the high temperature thermal field theory. In the model
calculation, the first step is to calculate the production of initial stage partons be-
fore the formation of thermal QGP. The second step is to calculate the medium
effects on the produced partons which propagate through the hot and dense QGP.
The model solves the a set of coupled transport rate equations for parton momen-
tum distributions to obtain the medium modified parton momentum distributions.
The third step is to convolute the medium modified parton momentum distribution
with vacuum fragmentation functions to give final hadron spectra in relativistic
heavy-ion collisions.
In McGill-AMY model, the following transport rate equations are solved for the
parton momentum distribution f(p, t) = dN(p, t)/dp:
dfj(p)
dt
=
∑
a,b
∫
dk
[
fa(p+ k)
dΓa→j(p+ k, k)
dkdt
− fj(p)dΓj→b(p, k)
dkdt
]
, (29)
where dΓj→b(p, k)/dkdt is the transition rate for the partonic process j → a, with
p the initial parton energy and k the lost energy in the splitting process. The tran-
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sition rates are calculated in the full leading order thermal QCD with the inclusion
of the HTL effects and LPM interference. In the model calculation, all the splitting
processes are included and all the partons in the shower are kept track of until the
partons fragment into hadrons outside the thermal medium. The energy gained by
the propagating parton due to the absorption of the thermal partons is included in
the k < 0 integration part. The contribution from 2→ 2 elastic collisions with the
medium constituents are included in a similar way.
In the model, the properties of the thermal QGP medium enter through the
local temperature and flow velocity when calculating the parton transition rates.
The interaction between the hard parton the the medium is controlled by the HTL
resummed elastic collision rates:
dΓel
d2q⊥
=
Cs
(2pi)2
g2sm
2
DT
q2⊥(q
2
⊥ +m
2
D)
, (30)
where gs =
√
4piαs is the coupling constant, and m
2
D = (Nc/3 + Nf/6)g
2T 2 is the
Debye screening mass squared. The factor Cs is the color factor of the propagating
parton. Currently in the calculation, the coupling constant αs is taken to be con-
stant for all interaction vertices. The scale dependence of the coupling as well as
the finite size effect have not yet been included at present.
MARTINI-AMY model
MARTINI-AMY model97 is a Monte-Carlo event generator for simulating jet pro-
duction and the subsequent evolution in relativistic heavy-ion collisions. The pro-
duction of initial jet partons is obtained by running PYTHIA-8 code from each
nucleon-nucleon collision with the spatial distribution of the jet partons following
the Glauber geometry. The propagation of jet partons in the thermal medium
is carried out by solving the same coupled rate equations as in McGill-AMY
model, but using Monte-Carlo techniques. In addition, Martini-AMY code also
includes the scale dependence of the strong coupling αs for the radiation vertices
via 〈k2T 〉 = (qˆk)1/2. The parton transition rates also include the finite-size effects
via a parameterization of the rates derived in Ref.52
Within the framework of JET Collaboration, the above five jet quenching models
are used to calculate the nuclear modification factor RAA for large pT single inclusive
hadrons in most central collisions at RHIC and the LHC. The results are shown in
Fig. 9, where the left panels are for RHIC RAA while the right for the LHC RAA.
From the top to the bottom are the results from five different models: CUJET-
GLV, HT-BW, HT-M, McGill-AMY and MARTINI-AMY. Different curves in each
plot are the calculations with different model parameters within each jet quenching
approach. For DGLV-CUJET the model parameters are (αmax, fE , fM ), for two HT
calculations jet quenching coefficient qˆ0 is the model parameter, and for two AMY
calculations, the model parameter is strong coupling αs. For all the calculations, the
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Fig. 9. (Color online) The nuclear modification factor RAA at both RHIC (left panels) and the
LHC (right panels) compared with different model calculations. From top to bottom, the models
are: CUJET-GLV, HT-BW, HT-M, McGill-AMY and MARTINI-AMY. Figures are taken from
Ref.96 done by JET Collaboration.
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realistic ideal/viscous hydrodynamics simulations102–104 are utilzed for the space-
time evolution of the bulk nuclear matter produced in RHIC and the LHC heavy-ion
collisions. The initial time for relativistic hydrodynamics evolution is set as τ0 =
0.6 fm/c with the initial temperatures set as T0 = 346− 373 MeV (477− 486 MeV)
at the center the hot and dense medium produced in most central Au+Au collisions
at
√
sNN = 200 GeV at RHIC (most central Pb+Pb collisions at
√
sNN = 2.76 TeV
at the LHC).
By comparing to the experimental measurements of single inclusive hadron nu-
clear modification factor RAA at large pT , one may obtain a tight constraint on
the model parameters for each jet energy loss model calculation. In DGLV-CUJET
model, the best fits to the experimental data on RAA at RHIC and the LHC give:
αmax = 0.28 for T < 378 MeV and αmax = 0.24 for 378 < T < 486 MeV. For HT-
BW model, the best fits produce qˆ0 = 1.2 GeV
2/fm at RHIC, and qˆ0 = 2.2 GeV
2/fm
at the LHC for the quark jet transport coefficients. For HT-M model, the gluon
jet transport coefficients are obtained from the best fits as: qˆ0 = 2.0 GeV
2/fm at
RHIC, and qˆ0 = 2.9 GeV
2/fm at the LHC. For McGill-AMY model, the best fits
give αs = 0.27 for RHIC and αs = 0.24 for the LHC. For Martini-AMY model,
αs = 0.3 for RHIC and αs = 0.24 for the LHC are obtained.
4.2. Quantitative extraction of qˆ
With the model parameters fixed by the experimental data, one may obtain the
effective jet transport coefficient qˆ for each model. For CUJET calculation, it is
obtained as follows:
qˆ(E, T, αmax) = ρg(T )
∫ qmax
dq2⊥q
2
⊥
dσ
dq2⊥
, (31)
where qmax is the ultra-violet cutoff and taken to be qmax = 6ET . One can see that
the jet transport coefficient depends on jet energy E and the medium temperature T .
The variation of the temperature T also affects the electric and magnetic screening
mass deformation parameters (fE , fM ). For McGill-AMY and MARTINI-AMY
models, the values of qˆ may be obtained as follows:
qˆ = Csαsm
2
DT ln(1 + q
2
max/m
2
D). (32)
For HT-BW and HT-M models, the comparisons to experimental data directly give
the jet quenching parameter qˆ.
In Fig. 10, the extracted values for jet quenching parameter qˆ scaled by T 3 are
shown for a quark jet with an energy E = 10 GeV at the center of most central A-A
collisions at an initial proper time τ0 = 0.6 fm/c at RHIC and the LHC energies
(denoted by two solid boxes). The range of qˆ values as constrained by the measured
single hadron nuclear modification factors RAA at RHIC and the LHC is obtained
as:
qˆ
CsT 3
=
{
3.5± 0.9, T ≈ 370 MeV (at RHIC),
2.8± 1.1, T ≈ 470 MeV (at the LHC). . (33)
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Fig. 10. (Color online) The extracted values of scaled jet transport parameter qˆ/T 3 by using
single inclusive hadron suppression factor RAA at both RHIC and LHC. The shown values are for
a quark jet with initial energy of 10 GeV at the center of most central A-A collisions at an initial
proper time τ0 = 0.6 fm/c. The figure is taken from Ref.96 done by JET Collaboration.
Translating these values for qˆ, one obtains: qˆ ≈ 1.2 and 1.9 GeV2 fm for a quark jet
with energy E = 10 GeV at the highest temperatures reached in the most central
Au+Au collisions
√
sNN = 200 GeV at RHIC and Pb+Pb collisions
√
sNN =
2.76 TeV at the LHC.
One can clearly see that the scaled dimensionless quantity qˆ/T 3 is temperature
dependent. Such temperature dependence can be explored further by extending
the current study to the future higher energy Pb-Pb collisions at the LHC and
lower energy collisions at RHIC. The expected values of qˆ/T 3 in A-A collisions at
0.063 ATeV, 0.130 ATeV and 5.5 ATeV are shown by dashed boxes. As a com-
parison, the figure also shows the value of qˆN/T
3
eff in cold nuclei (indicated by the
triangle in the figure) as extracted from jet quenching studies in DIS,105 where the
value of qˆN = 0.02 GeV
2/fm is taken, and the effective temperature is taken as-
suming an idea quark gas with 3 quarks within each nucleon in a large nucleus. We
can see that the values of qˆ in the hot and dense QGP matter are much higher than
those in cold nuclei.
The above extracted values of qˆ are also compared to the values obtained from
a next-to-leading order AdS/CFT calculation106 (shown by two arrows on the right
axis of the figure). By utilizing the AdS/CFT correspondence, one may calculate the
jet quenching parameter qˆ in a N = 4 supersymmetric Yang-Mills (SYM) plasma at
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the strong coupling limit. At the leading order (large Nc and large ’t Hooft coupling
λ), qˆ may be obtained as:107
qˆLOSYM =
pi3/2Γ(3/4)
Γ(5/4)
√
λT 3SYM , (34)
where λ = g2SYMNc. Including the corrections from finite ’t Hooft coupling, the jet
quenching parameter at next-to-leading order is obtained as,106
qˆNLOSYM = qˆ
LO
SYM
(
1− 1.97√
λ
)
. (35)
The SYM values shown in the figure are obtained for αSYM = 0.22-0.31 and have
taken into account different numbers of degrees of freedom in SYM and 3 flavor
QCD. One can see that the values of qˆSYM from SYM calculations are within the
range of qˆ extracted from comparing phenomenological studies to experimental data
on RAA at RHIC and the LHC done by JET Collaboration.
In order to fully take into account the systematic uncertainties due to model
dependence, more jet quenching calculations (see e.g., Ref.94,95,108–111) should be
included in the future for such systematic phenomenological studies as done by
the JET Collaboration. More experimental observables, besides the single inclusive
hadron RAA, should be incorporated for analysis so that one can obtain tighter
constraints on the modeling of jet quenching and on the quantitative extraction of
jet transport coefficients.
4.3. qˆ from Lattice QCD
While lattice QCD calcuation cannot provide a full description of the dynamical
evolution of heavy-ion collisions and jet transport in the hot and dense nuclear
medium, it can provide important guidance for jet quenching studies and many
insights for our understanding of jet-medium interaction. For example, jet transport
coefficients (such as qˆ) can in principle be computed with lattice QCD; this will
provide very useful reference for phenomenological jet quenching studies.
The first calculation of jet quenching parameter qˆ within the framework of finite
temperature lattice gauge theory was performed in Ref.112 The operator expression
for qˆ is quoted here:
qˆ =
4pi2αs
Nc
∫
dy−d2y⊥d2k⊥
(2pi)3
e
i
k2⊥
2q− y
−−ik⊥·y⊥
× 〈Tr [taF a+µ⊥ (y−,y⊥)U†(∞−,y⊥; 0−,y⊥)T †(∞−,∞⊥;∞−,y⊥)
× T (∞−,∞⊥;∞−,0⊥)U(∞−,0⊥; 0−,0⊥)tbF b+⊥µ(0−,0⊥)
]〉
, (36)
where U denotes a Wilson line along the “−” light-cone direction and T denotes
a Wilson line along the transverse “⊥” light-cone direction. Ref.112 utilizes the
operator product expansion method, and relates the jet transport parameter qˆ as
obtained in the physical regime of jet momenta to an infinite series local operators
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in an unphyical regime of jet momenta via dispersion relations. Then these local
operators are computed in quenched SU(2) lattice gauge theory. After extrapolat-
ing the calculation in quenched SU(2) to the case of SU(3) with 2 flavors of quarks,
qˆ=1.3-3.3 GeV2/fm is obtained for a gluon jet at a temperature T = 400 MeV.
This value is within the range of qˆ extracted from phenomenological studies done
by JET Collaboration as shown in Sec. 4.2. In a recent non-perturbative lattice cal-
culation113 based on a dimensionally reduced effective theory (electrostatic QCD),
which only includes the contribution from soft QGP modes, a value of qˆ=6 GeV2/fm
was obtained at RHIC energies. This is about twice the value obtained from NLO
perturbative QCD result.114
Fig. 11. (Color online) The transverse collision kernel C(k⊥) (left) using lattice data from Ref.113
compared with the NLO calculation result from Ref.114 and the probability distribution P (k⊥, L)
(right). g2E ∼ g2T is the effective coupling of the dimensionally reduced EQCD effective theory.
βG is a dimensionless number and related to the lattice spacing a as: βG = 2Nc/(g
2Ta). Figures
are taken from Ref.115
It should be noted that jet quenching parameter qˆ only encodes the second mo-
ment of the probability distribution P (k⊥, L) for the transverse momentum transfer,
qˆ =
1
L
∫
d2k⊥
(2pi)2
k2⊥P (k⊥, L), (37)
where L is the length that jet traversed. The probability distribution P (k⊥, L)
satisfies the following evolution equation,
dP (k⊥, L)
dL
=
∫
d2q⊥
(2pi)2
C(q⊥) [P (k⊥ − q⊥)− P (k⊥)] , (38)
where C(q⊥) is the transverse collision kernel. A full distribution of the probability
distribution P (k⊥) or the collision kernel C(k⊥) will provide more detailed infor-
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mation about jet-medium interaction. A first-principle calculation of C(k⊥) and
P (k⊥, L) was carried out in Ref.115 and the results are shown in Fig. 11. It is
found that the shape of the transverse collision kernel k3⊥C(k⊥) is consistent with a
Gaussian at small transverse momentum k⊥. As k⊥ becomes large, the calculation
breaks down as it only includes the soft modes.
The Gaussian form at small k⊥ for the probability distribution P (k⊥) is expected
in both weakly-coupled and strongly-coupled pictures. However at large k⊥, the
distribution P (k⊥) takes very different form in these two scenarios: for weakly
coupled quark-gluon plasma, the large k⊥ power tail is proportional to 1/k2⊥ , while
in the plasma of N = 4 SYM theory in the large-Nc and strong coupling limits,
there is no power tail at all.116 So it would be very interesting and useful if lattice
calculation as well as phenomenological jet quenching studies can provide the full
distribution for the collision kernel or the probability distribution.
4.4. Renormalization of qˆ and NLO developments
Parton energy loss models based on perturbative QCD techniques have been very
successful in studying jet quenching phenomena in relativistic heavy-ion collisions
at RHIC and the LHC. The comparisons between systematic phenomenological
studies using various theoretical models and experimental data have led to a tight
determination of jet transport coefficients. However, there still exist strong model
dependence due to various approximations applied in the jet quenching calculations.
One important reason is that all the phenomenological jet quenching studies have
utilized leading-order parton energy loss formalisms. In fact, many model differences
have been found to originate from to some specific approximations made in the
leading order calculation of the gluon radiation spectrum, such as eikonal, soft and
collinear approximations.49
To constrain jet quenching models and better our understanding of jet-medium
interaction, the effects of different approximations need to be explored in more
detail, e.g., by relaxing these approximations when building parton energy loss
formalisms. The effect of non-eikonal large angle scattering approximation was re-
cently investigated in Ref.117 and it is found to be small for jet energies larger than
10-15 GeV. Ref.118 re-study the medium-induced radiation by going beyond eikonal
approximation and include the finite energy effect in the new formalism. However,
in order to achieve a systematic estimation of the errors made in the leading-order
calculation, it is necessary to build a fully next-to-leading order (NLO) framework
for studying parton propagation in dense nuclear matter and jet quenching in rela-
tivistic heavy-ion collisions.
The first attempt along NLO direction was performed in Ref.,119,120 in which
the NLO radiative correction to the transverse momentum broadening is computed.
Consider a high-energy parton propagating through a dense nuclear medium, it
experiences both elastic and inelastic collisions with the medium constituents. Fo-
cusing on the transverse momentum broadening for the propagating jet parton,
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Fig. 12. (Color online) Induced gluon radiation of a high-energy quark by a single scattering.
the leading order contribution comes from 2 → 2 elastic collisions. At next-to-
leading order, one has to consider the contribution from medium-induced radiation,
as shown in Fig. 12.
The calculation was performed in the framework of BDMPS-Z formalism and it
was found that the transverse momentum broadening receives a sizable contribu-
tion from radiative correction due to the recoil effect of one-gluon emission in the
kinetic region of single scattering.. In particular for large media size, the radiative
contribution is dominated by the double logarithmic terms. The double logarithmic
correction reads as follows:
〈p2⊥〉rad =
αsNc
pi
qˆ0L
∫ qˆ0L
qˆ0τ0
dk2⊥
k2⊥
∫ 1
qˆ0τ0
k2⊥
dx
x
=
αsNc
2pi
qˆ0L ln
2
(
L
τ0
)
, (39)
where qˆ0 is the transverse momentum broadening from pure elastic collisions, L is
the length of the nuclear matter, and τ0 is some intrinsic size associated with the
constituents of the nuclear matter (which was introduced to regulate the logarithmic
divergence in the radiative corrections). The jet transport coefficient qˆ also receives
a double logarithmic correction,
qˆrad =
αsNc
pi
qˆ0
∫ L
τ0
dτ
τ
∫ qˆ0L
qˆ0τ
dk2⊥
k2⊥
=
αsNc
2pi
qˆ0 ln
2
(
L
τ0
)
, (40)
The role of the large double logarithms corrections was further investigated in
Ref.121,122 It was argued that such double logarithmic correction may be absorbed
by a redefinition/renormalization of the jet quenching parameter qˆ,
qˆ(τ) = qˆ0
[
1 +
αsNc
2pi
ln2
(
τ
τ0
)]
, (41)
where τ may be understood as the size of the medium constituents ”seen” or probed
by the propagating parton. The infrared cut-off τ0 can be viewed as a factorization
scale in this problem. With such redefinition of jet quenching parameter, one may
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write an evolution equation for qˆ(τ) as a function of the scale τ ,
∂qˆ(τ,Q2)
∂ ln τ
=
∫ Q2
qˆ0τ
dk2⊥
k2⊥
αsNc
pi
qˆ(τ, k2⊥). (42)
It is further argued that the scale evolution of qˆ will render additional medium-
length dependence for jet quenching parameter, parton transverse momentum
broadening as well as parton energy loss as compared to traditional BDMPS jet
energy loss formalism, i.e.,
qˆ(L) ∝ Lγ , 〈p2⊥〉 ∝ qˆ0L1+γ ,∆E ∝ qˆ0L2+γ , (43)
where the extra dimension γ is found to be γ = 2
√
αsNc/pi for large medium size.
Fig. 13. (Color online) Some typical diagrams for double scattering contributions to the k2⊥-
weighted differential cross section from leading-order (a), NLO virtual (b), and NLO real (c)
processes.
The NLO radiative corrections to the transverse momentum broadening and the
renormalization of jet quenching parameter qˆ have also been studied in Ref.123,124
This work was performed in the framework of hadron production in semi-inclusive
deep-inelastic scattering and lepton pair production in p-A collisions (see Fig. 13).
The cross section weighted with l2h⊥ was computed and a factorization formula
was obtained after absorbing the collinear divergence into the redefinitions of non-
pertubative correlation functions. The factorized form for the NLO correction to
l2h⊥-weighted cross section reads as:
1
σ0
d〈l2h⊥σ〉
dz
∣∣∣∣
NLO
= Tqg(x, 0, 0, µ
2
f )⊗HNLO(x, xB , Q2, µ2f )⊗Dh/q(zh, µ2f ) + · · · ,(44)
where Tqg is the twist-4 quark-gluon correlation function, D is the quark-to-hadron
fragmentation function, HNLO is the NLO correction to the hard part. The twist-4
quark-gluon correlation function Tqg is non-perturbative and can not be directly cal-
culated using perturbative QCD. But its scale dependence may be derived from per-
turbative QCD, which leads to a new QCD evolution equation (similar to DGLAP
equations for PDFs). The scale dependence of twist-4 quark-gluon correlation func-
tion reads:
∂Tqg(xB , 0, 0, µ
2
f )
∂ lnµ2f
=
αs
2pi
∫ 1
xB
dx
x
[
Pqg→qg ⊗ Tqg + Pqg(xˆ)Tgg(x, 0, 0, µ2f )
]
, (45)
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where Pqg→qg ⊗ Tqg is given by
Pqg→qg ⊗ Tqg = Pqq(xˆ)Tqg(x, 0, 0) + CA
2
(
4
(1− xˆ)+Tqg(xB , x− xB , 0)
− 1 + xˆ
(1− xˆ)+Tqg(x, 0, xB − x) + Tqg(xB , x− xB , x− xB)
)
. (46)
Here Pqq(xˆ) and Pqg(xˆ) are the usual splitting functions in the DGLAP evolution
equations, with xˆ = xB/x. From the above new QCD evolution equation, the scale
dependence of jet quenching parameter qˆ may be in principle obtained if one assumes
the nucleus is composed of loosely-bounded nucleons. Neglecting the momentum
and spatial correlations of two nucleons inside the nucleus, one may relate the twist-
4 quark-gluon correlation function Tqg to the jet quenching parameter qˆ as follows:
Tqg(xB , 0, 0, µ
2
f ) ≈
Nc
4pi2αs
fq/A(xB , µ
2
f )
∫
dy−qˆ(y−, µ2f ). (47)
Unfortunately, the above evolution equation is not closed, and a closed evolution
equation can only be obtained for certain kinematic limit. In the limit of large xB
(xB → 1), the formation time of the radiated gluon is much large than the size of
the nuclear medium, so gluon radiation is suppressed due to the LPM interference
effect. In this case, the splitting kernel Pqg→qg ⊗ Tqg reduces to the vacuum one
Pqq(xˆ)Tqg(x, 0, 0), and one gets scale-independent qˆ. For intermediate-xB regime,
one may expand the off-diagonal matrix elements Tqg around x = xB and only
keep the leading contribution. Then the scale dependence of qˆ can be obtained as
follows,125
∂qˆ(µ2)
∂ lnµ2
=
αs
2pi
CA ln(1/xB)qˆ(µ
2). (48)
One may see that the jet transport coefficient qˆ is now not only µ-dependent, but
also xB-dependent. The solution of such equation is
qˆ(µ2) = qˆ(µ20) exp
[αs
2pi
CA ln(1/xB) ln(µ
2/µ20)
]
. (49)
This µ2 dependence of qˆ essentially is similar to the violation of scaling behavior
of normal PDFs. The xB = Q
2/(2ME)-dependence may be translated to the
energy dependence of qˆ in the target rest frame, which is consistent with the earlier
expectations.126
5. Full jet evolution and modification
The study of full jets and their nuclear modification can provide many insights into
the mechanisms of jet-medium interaction and parton energy loss in ultra-relativistic
heavy-ion collisions. The basic idea of reconstructing full jets is to recombine fi-
nal state hadron fragments and to infer the information about the original hard
partons and the medium effects. Since both leading and sub-leading fragments of
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full jets are included in the reconstructed full jets, they are more differential than
single inclusive observables. Therefore they are expected to have the ability to put
more stringent constraints on various approximations and assumptions made in jet
energy loss calculations, which will be very helpful to eliminate the large system-
atic uncertainties in the quantitative extraction of the jet transport parameters.
One of the biggest challenges in studying reconstructed full jets in ultra-relativistic
heavy-ion collision is the contamination from fluctuations of large bulk background,
as compared to elementary proton-proton collisions. The development of various
experimental techniques in recent years have now enabled us to disentangle the
reconstructed full jets from fluctuating background. The availability of many full
jet related experimental observables have triggered a lot of theoretical activities as
well. The goal of full jet study is to understand how full jets interact with medium
constituents and lose energy, and how the medium effects manifest in the final state
observables.
5.1. Full jet studies at RHIC
Fig. 14. (Color online) The cross sections (left) and the nuclear modification factor RAA for
inclusive jet production in Au-Au collisions at
√
sNN = 200GeV measured by STAR Collaboration.
Figures are taken from Ref.127
Early studies of reconstructed full jets in relativistic heavy-ion collisions were
performed in Au-Au and Cu-Cu collisions at RHIC by both STAR and PHENIX col-
laborations.127,128 Many interesting results have been obtained about reconstructed
full jets and their medium modification, even though with large uncertainties. For
example, Fig. 14 shows the measurements of the cross sections (left) and the nuclear
modification factor RAA (right) for inclusive jet production in Au-Au collisions at√
sNN = 200GeV. The inclusive jet nuclear modification factor R
jet
AA is defined as
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follows:
RjetAA =
dN jetAA/dET dy
NcolldN
jet
pp /dET dy
. (50)
The dependence on different full jet reconstruction algorithms (kT and anti-kT )
has been explored and turned out to be quite strong. Such strong dependence
may originate from different responses to the fluctuating background in heavy-ion
collisions when different reconstruction algorithms are utilized. Despite large uncer-
tainties and strong dependence on jet reconstruction algorithms, the results tend to
indicate that there are substantial nuclear modification of full jets in heavy-ion col-
lisions as compared to proton-proton collisions. Especially, the strong dependence
of jet production and their nuclear modification on the jet resolution parameter R
in heavy-ion collisions indicates that full jets are broadened due to their interaction
with the hot and dense nuclear medium.
Fig. 15. (Color online) Left: The nuclear modification factor RjetAA for different cone radii R in
b = 3 fm Au-Au collisions at RHIC. The inserts show the ratios of jet cross sections for different
R. Right: The differential jet shape in vacuum compared to the medium-induced jet shape for a
quark with ET = 30 GeV in Au+Au and Cu+Cu collisions at
√
sNN = 200GeV. The insert shows
a method for studying the substructure of full jets. Figures are taken from Ref.129
Earlier theoretical studies of full jets and their medium modification also sup-
ported the broadening of full jets as observed in heavy-ion collisions at RHIC. In
Ref.,129 the medium effect on full jets were studied for Au-Au and Cu-Cu colli-
sions at RHIC energies using the framework of GLV formalism. First, with the as-
sumption of Poisson ansatz for the medium-induced gluon radiation, the differential
radiation spectrum dNg/dωdr is utilized to calculate the probability distributions
Pq(, E) and Pg(, E) for high-energy quarks and gluons which lose fraction of en-
ergy . The same differential radiation spectrum is also utilized to calculate the
fraction of lost energy that is redistributed inside the jet cone:
f inq,g =
∫ R
0
dr
∫ ET
pminT
dω
dNg
dωdr∫ R∞
0
dr
∫ ET
pminT
dω
dNg
dωdr
, (51)
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where pminT is the momentum cut for the particles i that constitute the jet, and R
is the jet cone radius. One expects that as R → R∞ and pminT → 0, the fraction
f inq,g = 1, i.e., the final state medium effects to inclusive jet cross section vanishes.
The medium-modified jet cross section per binary nucleon-nucleon scattering can
be calculated as follows:
dσAA(R)
dET dy
=
∑
q,g
∫ 1
0
Pq,g(, E)
1
[1− (1− f inq,g)]2
dσCNMq,g
d2E′T dy
, (52)
where (1− f inq,g) represents the fraction of the lost energy from the parent parton
outside the jet cone R, and E′T = ET /[1 − (1 − f inq,g)] is initial parton energy
before interacting with the hot and dense QGP medium. Note that in the above
expression, pminT = 0 is used.
The result for inclusive jet RjetAA is presented in Fig. 15 (left panel) for central
Au-Au collisions collisions at
√
sNN = 200 GeV at RHIC. The bands represent
the uncertainties due to a ∼ 20% change in the rate of parton energy loss relative
to the default value. The nuclear modification factor for leading pi0 production is
also shown for comparison. One can see clearly the strong dependence of inclusive
jet RAA on the jet cone size R: there is more suppression for inclusive jet for
smaller jet radius. This indicates full jets is broadened due to additional medium-
induced radiation when interacting with the hot and dense nuclear matter created in
nucleus-nucleus collisions. The inserted plot shows the ratio of nuclear modification
factor for different cone radii in order to reduce the the cold nuclear matter (CNM)
effect which may contribute about 1/2 of the observed suppression for jet energies
ET > 30 GeV.
The broadening effect of full jets in heavy-ion collisions may be investigated
using jet shape observables. The differential jet shape function is defined as:
ψ(r/R) =
d
dr
[ ∑
iET,iθ(r −Ri,jet)∑
iET,iθ(R−Ri,jet)
]
, (53)
where the sum over i runs over all the particles inside the full jet. By definition,
the differential jet shape function is normalized to unity,
∫ R
0
ψ(r,R)dr = 1. The
right plot in Fig. 15 shows the differential jet shape function in vacuum compared
to medium-induced jet shape function in Au-Au and Cu-Cu collisions at RHIC.
In the plot, the medium-induced jet shape function is directly calculated by using
differential gluon bremsstrahlung spectrum with proper normalization: ψmed ∝
dNg/dωdr. One can clearly see a characteristic large-angle distribution away from
jet axis for medium-induced radiation. It should be noted that the final medium-
modified jet shape function has contributions from both vacuum radiation and
medium-induced radiation. It may be calculated as follows:
ψtot(r/R) =
∑
q,g
∫ 1
0
dPq,g(, E)
χq,g(R,ET , E
′
T )
[1− (1− f inq,g)]3
× [(1− )ψvacq,g (r/R,E′T ) + f inq,gψmedq,g (r/R,ET )] , (54)
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where χq,g =
dσCNMq,g /d
2E′T dy
dσAA/d2ET dy
. The first term in the bracket denotes the vacuum
contribution, and the second is the contribution from medium-induced radiation. It
is instructive to look at the first moment of the jet shape distribution, or the mean
jet width, which may be obtained as follows:
〈r/R〉 =
∫ 1
0
d(r/R)(r/R)ψ(r/R). (55)
For jets with transverse energies ET = 30 GeV and cone size R = 0.4, one may
calculate the broadening effect in terms of the change of mean jet width. For central
Au-Au collisions, ∆〈r/R〉 = 〈r/R〉tot − 〈r/R〉vac = 0.283− 0.271 = 0.012, which is
less than 5% increase. This results indicates even with striking suppression pattern
for full jets as shown by jet RAA, a very modest growth is seen for the change of
mean jet width. More detailed information may be obtained if the full distribution
of jet shape function and its medium modification are analyzed (see below).
5.2. Full jets at the LHC era
Fig. 16. (Color online) ATLAS 2010 measurements of dijet asymmetry distributions (top pan-
els) and azimuthal angle ∆φ distribution (bottom panels) for data (points) and unquenched HI-
JING+PYTHIA (solid yellow histograms) for different centralities (left to right from peripheral
to central). Proton-proton data for 7 TeV is shown as open circles. Figures are taken from Ref.11
With the launch of the LHC, the center of mass energy of the collisions has
been increased by more than a factor of 10 compared to the top collision energies at
RHIC. The large kinematics accessed at the LHC have enabled us to investigate the
properties of jets and the effects of hot and dense nuclear medium on the propagation
of jets with transverse energies over a hundred GeV. One of the most interesting
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channels for studying the effect of jet-medium interaction is the correlated back-
to-back jet pairs. The energy loss of full jets can be studied by measuring the
imbalance/asymmetry of the transverse energies between two correlated jets (and
the centrality dependence). One may define the energy asymmetry factor AJ for
the correlated jet pairs as
AJ =
ET,1 − ET,2
ET,1 + ET,2
, (56)
where ET,i(i = 1, 2) denotes the transverse energy of the leading and sub-leading
jets, respectively. The relative azimuthal angle ∆φ = |φ1 − φ2| between two corre-
lated jets can provide information about the degree of deflection that jet experience
after passing through the hot and dense QGP medium. The transverse energy asym-
metry AJ and the azimuthal angle ∆φ of back-to-back jet pairs have been measured
by both ATLAS and CMS Collaborations. ATLAS selected events with the leading
jets having ET,1 > 120 GeV/c and the subleading jets having ET,2 > 100 GeV/c,
while for CMS ET,1 > 50 GeV/c and ET,2 > 25 GeV/c. The results from AT-
LAS measurements are shown in Fig. 16, with the top panels for dijet asymmetry
distributions and the bottom panels for azimuthal angle ∆φ distribution.
One of the most spectacular results from such measurements is strong modi-
fication on dijet transverse energy imbalance distribution in Pb-Pb collisions, as
compared to proton-proton collisions, while the the distribution of their relative
azimuthal angles is largely unchanged. The nuclear modification of dijet asymme-
try strongly depends on the collision centrality: the modification is larger in more
central collisions. The transverse energy imbalance between full jets and the cor-
related high pT direct photons in Pb-Pb collisions have also been measured at the
LHC,13 and very similar results have been obtained. These observations indicated
that the subleading jets may experience a significant amount of energy loss after
traveling through the hot and dense nuclear matter created in relativistic heavy-ion
collisions. These measurements have triggered a lot of theoretical interests on the
investigation of parton shower evolution and full jet energy loss in hot QCD mat-
ter. Various jet energy loss based models have been utilized to explain the observed
transverse energy imbalance between dijets and photon-jet pairs.61,81,130–138
The evolution of full jet in a quark-gluon plasma may be schematically illustrated
in Fig. 17, where the thick solid arrow through the center of jet cone represents
the leading parton of the jet, and other lines represent the accompanying radiated
gluons. One can see that compared to leading hadron observables, a few additional
ingredients have to be taken into account when studying the evolution and mod-
ification of full jets in hot and dense nuclear medium. One needs to include the
interaction of the medium with both the leading parton as well as with the radiated
gluons. The radiative gluons may also get deflected by interacting with medium
constituents, and some of them may be kicked out of the jet cone and contribute
to the energy loss of full jet. Therefore, the total energy loss of energy from the jet
cone is the sum of energy loss incurred by the leading parton and the accompanying
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Fig. 17. (Color online) A schematic illustration of the evolution of full jet, and different medium-
induced processes that contribute to full jet energy loss and modification in a quark-gluon plasma.
radiated gluons, as well as the gluons that are scattered out of jet cone.
Based on the above picture, Ref.81 performed the first quantitative analysis
of physical processes that are responsible for full jet energy loss and the observed
large di-jet energy asymmetry. The following transport equation is solved for the
distribution of radiated gluons:
dfg(ω, k⊥, t)
dt
= −eˆ ∂fg
∂ω
+
1
4
qˆ∇2k⊥fg +
dN radg
dωdk2⊥dt
, (57)
where fg(ω, k⊥, t) is the double differential distribution of the accompanying gluons
of the full jets. In the above equation, the first and second terms describe the
evolution of radiated gluons which may transfer energy into the medium by elastic
collisions with medium constituents and accumulate transverse momentum in the
process. The sizes of these two effects are controlled by two transport coefficients:
elastic energy loss rate eˆ and the rate of exchanging transverse momentum squared
qˆ. The last term in the equation represents the additional gluon radiation induced
by the interaction of primary hard parton with the medium. These medium-induced
radiative gluons, after produced, may also lose energy and accumulate transverse
momentum during their propagation.
The above transport equation is combined with the higher-twist formalism which
provides the rate for the medium-induced gluon radiation,48,53
dN radg
dωdk2⊥dt
=
2αs
pi
xP (x)qˆ(t)
ωk4⊥
sin2
(
t− ti
2τf
)
, (58)
where P (x) is the vacuum splitting function with x = ω/E denoting the energy
fraction of radiated gluons, and τf = 2Ex(1 − x)/k2⊥ the formation time for the
radiated gluons. The transport coefficient qˆ depends on the evolution time because
of the changing position of the primary parton.
After the above evolution equation for the radiated gluons is solved, one may
obtain the information about the full jets after propagating through the medium.
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From the energy and transverse momentum distribution of the accompanying glu-
ons, the total energy of these gluons contained inside the jet cone can be obtained
as follows:
Eg(tf , R) =
∫
R
dωdk2⊥ωfg(ω, k
2
⊥, tf ), (59)
where the subscript R means that the integration is taken inside the jet cone, i.e.,
k⊥/ω < R. One may calculate the final energy of the leading parton after passing
through the medium,
EL(tf ) = EL(ti)−
∫
dteˆL(t)−
∫
dtdωdk2⊥ω
dN radg
dωdk2⊥dt
. (60)
The total energy inside the jet cone is the sum of the leading parton energy and
the energy of the radiated gluon inside the jet cone:
Ejet(tf , R) = EL(tf ) + Eg(tf , R). (61)
Then one may calculate the reduction of the full energy,
∆Ejet(tf , R) = Ejet(ti, R)− Ejet(tf , R), (62)
where Ejet(ti, R) is the initial energy contained within the jet cone. The final
expression for the energy loss from the jet cone may be obtained as follows:
∆Ejet(tf , R) =
∫
dtdωdk2⊥ω
dN radg
dωdk2⊥dt
+
∫
eˆL(t)dt
−
∫
R
dωdk2⊥ω
[
fg(ω, k
2
⊥, tf )− fg(ω, k2⊥, ti)
]
, (63)
where the first two terms represent the radiative and collisional energy loss of the
leading hard parton. To calculate the loss of the energy from jet cone, one has
to subtract the energy carried by the radiated gluons inside the jet cone (which is
represented by the last two terms) from the leading parton energy loss. Therefore
the energy of the original full jet is now decomposed into several parts:
Ejet = Ein + Elost = Ein + Eout,rad + Eout,brd + Ecoll,th. (64)
Fig. 18 shows the contributions from vacuum radiated gluons (left) and medium-
induced radiated gluons (right) to the total energy loss of the jet defined by a cone
angleR = 0.4. A quark jet is started with initial energy E = 100 GeV which radiates
gluons in vacuum before ti = 1 fm/c, then the medium modification effect is turned
on for the jet shower. The vacuum radiation is simulated using PYTHIA, and the
effect of the medium on the full jet evolution is calculated via solving the above
transport equation. One can see that at early times, the medium-induced energy
loss from jet cone is dominated by the medium effect on vacuum radiation, and at
later times it is dominated by the medium effect on medium-induced radiation. One
interesting observation is that the most significant contribution originates from the
collisional energy loss experienced by the radiated gluons Eth,coll. The transverse
November 11, 2015 1:40 World Scientific Review Volume - 9.75in x 6.5in ws-rv975x65-jet
Jet quenching in high-energy heavy-ion collisions 39
Fig. 18. (Color online) The energy loss experienced by a quark jet with initial energy E =
100 GeV traversing a quark-gluon plasma with constant temperature T = 250 MeV. Contributions
from different energy loss mechanisms are compared. The left for the medium effect on vacuum
radiation, and the right for the medium effect on medium-induced radiation.81
momentum broadening of shower gluons Eout,brd also gives a sizable contribution.
The contribution from the radiation directly outside the jet cone Eout,rad is small,
since the radiation is mainly dominated by small angle radiation, i.e., the radiated
gluons are mostly inside the jet cone.
Fig. 19 shows the calculation of dijet energy asymmetry factor AJ in proton-
proton and Pb-Pb collisions at
√
sNN = 2760 GeV at the LHC. In proton-proton
collisions, AJ distribution for the correlated back-to-back dijets is peaked at AJ = 0.
After the medium effect is turned on, the dijet energy asymmetry AJ distribution
is significantly shifted to the large AJ direction. The asymmetry of dijet energies is
more prominent in the most central Pb+Pb collisions (left panel) than less central
events (right). The result indicate that the sub-leading jets experience a significant
amount of energy loss from the jet cone. The total energy loss is a combination of
collisional energy loss experienced by all shower partons, the radiation outside jet
cone and the scattering of radiated gluons out of jet cone.
The above finding that the medium absorption or the thermalization of the soft
gluon radiation gives the largest contribution to full jet energy loss is not surprising
since one expects the soft components of the hard jet or the accompanying gluons at
large angles to experience stronger medium modification than the inner hard core
of the jet. Such effect is often referred to as jet collimation mechanism, i.e., when
jet shower propagates through the hot and dense nuclear medium, soft partons of
the jet are easily stripped off by the interaction with the medium constituents.130
Similar picture of parton shower evolution and full jet energy loss has also been
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Fig. 19. (Color online) Di-jet energy asymmetry AJ distribution for proton-proton and Pb-Pb
collisions at
√
sNN = 2760 GeV at the LHC. The left panel is for 0-10% centrality and the right
for 10-20% centrality.81
obtained in other studies.139–141 The basic idea underlying these studies is that: if
the medium color field varies over the jet transverse size, i.e., λ < rjet⊥ , the interaction
between the jet and the medium constituents may destroy the color coherence of
the shower partons of the full jet. It is argued that such decoherence effect may
greatly increase the phase space for soft and large angle radiation as compared to
the traditional BDMPS-Z formalism. To the lowest order approximation, one may
consider the successive gluon emissions as independent of each other. This will
allows to treat multiple gluon emissions as a probabilistic branching process.
Let us consider the evolution of a gluon shower originating from successive gluon
branchings. The differential probability for a gluon with energy ω (or the energy
fraction x = ω/E) to split into two gluons is given by
dPbr
dzdt
=
αs
2pi
Pg→g(z)
τbr(z, ω)
, (65)
where Pg→g(z) = Nc[1−z(1−z)]2/[z(1−z)] is the leading order gluon-gluon splitting
function, with z and 1− z are energy fractions of two daughter gluons with respect
to their parent gluon. The time scale of gluon branching process τbr is given by
τbr(z, ω) =
√
z(1− z)ω
[1− z(1− z)]qˆ , (66)
where qˆ is the jet quenching parameter. To simplify the following analysis, one may
replace the light-cone time t by the dimensionless variable τ , defined as
τ =
αsNc
pi
√
qˆ
E
t =
αsNc
pi
√
qˆL2
E
t
L
=
αsNc
pi
√
2ωc
E
t
L
, (67)
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where ωc = qˆL
2/2 is the maximum energy that can be taken away by a single
radiated gluon. The branching probability may now be written as
dPbr
dxdτ
=
κ(z)
2
√
x
=
1
2
√
x
f(z)
[z(1− z)]3/2 =
1
2
√
x
[1− z(1− z]5/2
[z(1− z)]3/2 , (68)
where κ(z) = f(z)/[z(1− z)]3/2 and f(z) = [1− z(1− z)]5/2.
To study the multiple gluon branching process, it is convenient to consider the
the differential gluon spectra D(x, τ) = xdN/dx, with N the number of gluons in the
branching cascade. Using the fact that the successive branchings are independent
of each other, one may solve the following rate equation for the function D(x, τ),
∂D(x, τ)
∂τ
=
∫
dzκ(z)
[√
z
z
D(
x
z
, τ)− z√
x
D(x, τ)
]
. (69)
The first term in the equation is the gain term which describes the rise in the
number of gluons at x due to the emission from gluons at larger values of x. The
second term is the loss term which describes the reduction in the number of gluons
at x due to the decay into gluons with smaller values of x. Note that the first
integral should be taken as x < z < 1 since the function D(x, τ) has support only
for 0 ≤ x ≤ 1. Both gain and loss terms have singularities at the ending point
z = 1, but the singularities exactly cancel each other when combining two terms
together.
One may simplify the above evolution equation by changing the kernel to be
κ(z) = 1/[z(1− z)]3/2; such replacement is equivalent to taking f(z) = 1. This
simplification allows us to solve the equation analytically, but does not affect the
singular behavior of the kernel near z = 0 and z = 1. Furthermore, if one is only
interested in the small-x behavior, one may further take κ0(z) = 1. For τ << 1, one
may use iteration method to solve the above equation. Given the initial condition
D(0)(x, τ = 0) = δ(x − 1), which means that a single gluon carries all the energy,
the first interaction gives:
D(1)(x, τ) =
τ√
x(1− x)3/2 ≈
τ√
x
. (70)
In the above equation (and equations below in this subsection), the last approxima-
tion is taken for x 1, i.e., one is interested in the soft components of the shower
gluons. Taking t = L, the first iteration coincides with the traditional BDMPS-Z
spectrum, ωdN/dω = αsNc/pi
√
2ωc/ω. By going beyond the first iteration, one
may obtain the complete solution,
D(x, τ) =
τ√
x(1− x)3/2 e
−pi[(1−x)τ2] ≈ τ√
x
e−piτ
2
. (71)
The above solution is shown in Fig. 20 (left panel), where
√
xD(x, τ) is plotted
as a function of x for different values of τ : for solid lines τ = 0.01, 0.02, 0.1, 0.2, 0.4
from bottom to top, and for dashed lines τ = 0.6, 0.9 from top to bottom. One may
see that for small times, the spectrum at small x increases linearly with τ , besides
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Fig. 20. (Color online) Left: The τ evolution of
√
xD0x, τ , where τ = 0.01, 0.02, 0.1, 0.2, 0.4 for
solid lines from bottom to top and τ = 0.6, 0.9 for dashed lines from top to bottom. Right: The
energy fraction for different components Ein, Eflow and Eout as a function of the medium size L
for two values of jet size R0 = 0.3 and R0 = 0.8. Figures are taken from Ref.141,142
the exponential factor. This is very different from the DGLAP evolution, in which
the spectrum get steeper and steeper at small x with increasing evolution time.
One very interesting and important feature of such branching dynamics is that
the total energy contained in the spectrum is not conserved but instead decreases
with the evolution time, (τ) =
∫ 1
0
dxD(x, τ) ≈ e−piτ2 . This means that as the
energy flows from the higher to lower values of x, there is no energy accumulated
at any value at x > 0. As the time evolves, the gluon spectrum will eventually
disappear into the left moving “shock wave”, and the energy will be accumulated
into a “condensate” at x = 0. Therefore, with increasing evolution time, there could
be a substantial fraction of the total jet energy flowing outside the spectrum. The
amount of such energy flow is given by
flow(τ) = 1−
∫ 1
0
dxD(x, τ) ≈ 1− e−piτ2 . (72)
Besides the energy flow outside the spectrum that contributes to full jet energy
loss, there is also contribution from the radiated energy that is emitted directly at
large angles. To estimate such contribution, one may introduce a scale x0 which
is related to the radiation angle θ0 as: θ0 = [(2qˆ)/(x
3
0E)]
1/4. The energy fraction
transported outside jet cone via the gluon emission at large angles can be calculated
as follows:
out(τ) =
∫ x0
0
D(x, τ) =
2τ
√
x0√
1− x0
e−piτ
2 ≈ 2τ√x0e−piτ2 . (73)
One can see that this quantity rapidly decreases with decreasing x0, therefore the
gluon radiation directly outside the jet cone angle seems not be able explain the
observed full jet energy loss and dijet energy asymmetry.
Another scale xth = T/E may be introduced to take into account the fact that
when the gluon energies becomes as low as as the typical energy scale in the medium,
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the radiated gluons may “thermalize” and disappear from the jet. Combining all
these effects, the total phase space for the branching gluons may be divided into
three different parts separated by two scales, x0 and xth. One may decompose the
total energy of the original jet as follows:
Ejet = Ein + Elost = Ein(x > x0) + Eout(xth < x < x0) + Eflow(x < xth). (74)
For x > x0, the branching gluons are inside the jet cone and can be recovered by
jet reconstruction. For the radiated gluons with xth < x < x0, they are radiation
directly outside the jet cone. For x < xth, the branching gluons thermalize and flow
into the medium (thus disappear from the jet).
Fig. 20 (right panel) shows the relative contributions to the total jet energy
(loss) from these three different components, Ein, Eflow and Eout, as a function of
the medium size L. One can see that with increasing jet cone angle from R0 = 0.3
to R0 = 0.8, the energy contained inside the jet cone increases only slightly. For
the medium length L ≥ 4 fm, more than 20% of the total jet energy is lost from
the jet cone. The largest energy loss component is found to be the energy flow out
of the gluon spectrum (which is independent of R0). The radiation directly outside
the jet cone gives very small contribution to full jet energy loss. This full jet energy
loss picture is very similar to what has been found in Ref.81
5.3. Effects of medium recoils
During the propagation jet shower partons, the leading parton loses energy and
experiences transverse momentum broadening due to multiple scattering. The lost
energy and momentum transfer will propagate through the medium via recoiled
thermal partons, which lead to jet-induced medium excitations. Some of these
recoiled medium partons will be distributed within the jet cone while an increasing
fraction will be transported outside the jet cone over the course of the jet transport.
Inclusion of the jet-induced medium excitation in the jet reconstruction will affect
the final jet energy loss and jet profiles. Such effects of medium recoil can be studied
within the LBT model.60–62 Shown in Fig. 21 is the energy loss of reconstructed
jets using the FASTJET algorithm with a cone size R = 0.3 as a function of time for
an initial gluon with energy E0 = 50 and 100 GeV propagating through a uniform
QGP medium with a constant temperature T = 400 MeV. Only elastic scattering
with a constant αs = 0.3 is considered. The open symbols represent jets without
“negative” partons due to back-reaction while solid symbols represent jets in which
energy of the “negative” partons are subtracted.
Th effect of “negative” partons from back-reaction is negligible during the early
stage of the parton propagation. At later times, as the number of “negative” par-
tons grow, they deplete significantly the thermal medium behind leading partons
and effectively modify the background underlying the jet. When such modified
background is taken into account via the subtraction of “negative” partons from
the jet cone, the effective jet energy loss becomes bigger as shown in Fig. 21. The
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Fig. 21. (Color online) Energy loss of reconstructed jets due to elastic scattering from an initial
gluon with energy E0 = 50 and 100 GeV in a uniform QGP medium at a temperature T = 400
MeV as a function of propagation time. Jets are reconstructed with all partons (leading and
jet-induced medium partons) (solid symbols) or without “negative” partons (open symbols).62
linear distance dependence of the effective jet energy loss is restored only after the
energy of “negative” partons is subtracted.
In a realistic case of heavy-ion collisions, one has to include both elastic scatter-
ing and induced gluon radiation in an expanding medium as described by relativistic
hydrodynamic evolution. In Ref.,60–62 the case of γ-tagged jets in heavy-ion colli-
sions is considered. The initial γ-jet production from HIJING is distributed according
to the overlap function of two colliding nuclei with a Wood-Saxon nuclear geom-
etry. The same kinematic cuts for γ-jets are applied as in experiments at LHC.
For CMS data,13 pγT > 60 GeV, |ηγ | < 1.44, pjetT > 30 GeV, |ηjet| < 1.6, and
∆φ = |φjet − φγ | > 7pi/8, and for ATLAS data,143 60 < pγT < 90 GeV, |ηγ | < 1.3,
pjetT > 25 GeV, |ηjet| < 2.1, and ∆φ > 7pi/8.
Shown in Fig. 22 (left) is the average total jet energy loss with a cone-size R = 0.3
as a function of time in the most 10% central Pb+Pb collisions at
√
s = 2.76 TeV
from LBT simulations with αs = 0.2. The space-time evolution of the medium is
given by Hirano et al.144 Because of rapid cooling due to 3+1D expansion, the
total jet energy loss flattens out approximately 10 fm/c after an initial linear rise
(solid line). One can see that inclusion of recoiled partons significantly reduces the
net jet energy loss as compared to the case when only shower partons (dotted) and
radiated gluons (dashed) are included in the jet reconstruction.
Energy loss for a propagating parton is always accompanied by transverse mo-
mentum broadening. This should also be reflected in the γ-jet azimuthal correlation.
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Fig. 22. (Color online) Averaged total energy loss as a function of time (left) and azimuthal
jet distribution relative to the γ (right) for γ-tagged jets in central (0-10%) Pb+Pb collisions at√
s = 2.76 TeV.61
As a consequence of the rapid medium expansion, the γ-jet azimuthal correlation
in central Pb+Pb collisions (solid) as shown in Fig. 22 (right) change very little
as compared to that in p+p collisions (dotted). This is in agreement with CMS
data13 within errors. There is still, however, significant broadening at large values
of azimuthal angle difference ∆φ = φ − pi ≡ φjet − φγ − pi. Future precision data
are therefore necessary to measure pT -broadening of reconstructed jets.
Shown in Fig. 23 are γ-jet asymmetry distributions dN/dx with x = pjetT /p
γ
T
from LBT model simulations (histogram) as compared to CMS data13 (solid cir-
cles) in Pb+Pb collisions at
√
s = 2.76 TeV with four different centralities. γ jets
are produced with a large momentum asymmetry in p + p and peripheral Pb+Pb
collisions due to initial state radiations. In central Pb+Pb collisions, the asym-
metry distributions are skewed to smaller values of x due to jet energy loss. The
LBT results can fit the experimental data of both p+ p and Pb+Pb with different
centralities quite well with a fixed value of αs = 0.2.
5.4. Full jet substructure
The elastic and inelastic interactions between the hard jet and the dense nuclear
medium not only reduce the total energy of the reconstructed jet, but also change
the momentum distribution among the constituents inside the jet. In particular,
the scatterings experienced by quarks and gluons in the jet shower may result in
both energy loss and deflection of jet constituents. The deflection and additional
medium-induced radiation may broaden the parton shower and kick the propagating
partons out of jet cone. To fully characterize the effects of jet quenching, one needs
not only the modification of total full jet energy, but also the detailed information
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Fig. 23. (Color online) γ-jet asymmetry distribution in x = pjetT /p
γ
T in Pb+Pb collisions at√
s = 2.76 TeV from LBT with αs = 0.2 as compared to CMS data13 (from Ref.61).
about the substructures of full jets. There are two popular observables for the
characterization of jet substructures: jet fragmentation function D(z) and jet shape
function ρ(r) (sometimes written as ψ(r)). Jet fragmentation function measures the
momentum spectrum of hadrons inside the full jet while jet shape function measures
the momentum distribution of the jet constituents in the radial direction. Both
jet shape function and jet fragmentation function have been measured for Pb-Pb
collisions at the LHC by the ATLAS and CMS Collaborations.15–17
Jet shape function ρ(r) provides the information about the radial distribution
of the momentum carried by the jet constituents (fragments). The differential jet
shape function is defined as follows:
ρ(r) =
1
δr
1
Njet
∑
jet
∑
h
phT
pjetT
θ[rh − (r − δr/2)]θ[(r + δr/2)− rh], (75)
where rh =
√
(ηh − ηjet)2 + (φh − φjet)2, and δr is the bin size. By definition, the
differential jet shape function is normalized to unity,
∫
ρ(r)dr = 1. One may define
the integrated jet shape function as: R(r) =
∫ r
0
ρ(r)dr. One of the important con-
sequences from jet quenching is the broadening of full jets as compared to vacuum
jets, due to a combination of medium-induced radiation and the deflection of shower
partons. This effect is usually reflected as an enhancement at large values of r in
differential jet shape function ρ(r). Due to the normalization of jet shape function
to unity, and an enhancement at large r must be compensated by a depletion at
smaller values of r.
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Fig. 24. (Color online) Top: CMS measurements of the differential jet shapes in Pb-Pb collisions
(filled circles) as a function of distance from the jet axis for inclusive jets with pjetT > 100 GeV/c and
0.3 < η < 2 GeV/c in five Pb-Pb centrality intervals. Charged particles with ptrackT > 1 GeV/c are
used. Bottom: Jet shape nuclear modification factors, ρ(r)PbPb/ρ(r)pp. Figures are taken from
Ref.15
Fig. 24 shows the nuclear modification of differential jet shape function ρ(r)
in Pb-Pb collisions with respect to proton-proton collisions at the LHC measured
by CMS Collaborations.15 A strong centrality dependence is observed for the jet
shape functions in Pb-Pb collisions. In most peripheral collisions, the jet shape
functions in Pb-Pb collisions are similar to those in proton-proton collisions, which
indicates the radial distribution of the particle momentum inside the jets is similar
in these two collision systems. In more central Pb-Pb collisions (0-10% and 10-
30%), one observes an excess of transverse momentum fraction emitted at large
radius r > 0.2 together with a depletion at intermediate radii, 0.1 < r < 0.2.
This indicates a moderate broadening of the jets after their traversing through
the medium. There is very little change at small radii, indicating that the energy
distribution in the inner core of the jet is not affected by the jet-medium interaction.
The result is consistent with previous CMS measurements in which the lost energy
from the jets to the medium is found at large distances from the jet axis outside
the jet cone.12 It is expected from jet quenching picture and consistent with some
theoretical calculations.145,146
Jet fragmentation function D(z) provides the information about the spectrum
of the momentum carried by the jet fragments, where z = phT · pjetT /|pjetT |2 is the
momentum fraction of the jet fragment. Jet fragmentation function is defined as
follows:
D(z) =
1
Njet
dNh
dz
. (76)
The interaction between the hard jet and the dense medium usually leads to a
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Fig. 25. (Color online) Top: CMS measurements of the fragmentation functions in bins of cen-
trality (increasing from left to right) in Pb-Pb collisions overlaid with proton-proton reference
data. Jets have 100 < pT < 120 GeV/c, and tracks have pT > 1 GeV/c. Bottom: The ratio of
each Pb-Pb fragmentation function to its pp reference. Figures are taken from Ref.16
Fig. 26. (Color online) ATLAS measurements of the ratios of fragmentation functions, D(z) for
central (0-10%) collisions to those in peripheral (60-80%) collisions for R = 0.2 (bottom left) and
R = 0.3 (bottom right) jets. Figures are taken from Ref.17
soften of jet fragmentation function due to additional medium-induced radiation.
This will be reflected in the jet fragmentation function as an enhancement at small
values of z. Due to the energy conservation, an enhancement at small z must be
accompanied by a depletion at higher values of z.
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The first CMS measurement of jet substructure showed little nuclear modifica-
tion to the jet fragmentation function (with large uncertainties) in Pb-Pb collisions
compared to proton-proton collisions.15 Later, CMS Collaboration included the
charged particles with lower values of pT in the reconstruction of full jets and a clear
nuclear modification of the inclusive jet fragmentation function was observed.16 Fig.
25 shows the latest CMS measurement of jet fragmentation function (the top pan-
els show jet fragmentation function in Pb-Pb and proton-proton collisions and the
lower panels show their ratios, PbPb/pp). One can see that the nuclear modifica-
tion of the fragmentation function of jets in Pb-Pb collisions grows with increasing
collision centrality. The ratio of PbPb/pp is almost flat at unity in the peripheral
collisions (50-100% centrality bin), which indicates very little nuclear modification
to particle spectrum inside the jet in peripheral Pb-Pb collisions. For the most
central 0-10% collisions, a significant excess is observed at high ξ = ln(1/z) (low
z), together with a depletion in the intermediate ξ regime. These results indicate
that the spectrum of particles inside the full jet has an enhanced contribution in
the soft regime, as compared to that from proton-proton collisions. CMS has also
measured jet fragmentation function D(z) for different values of jet transverse mo-
mentum pjetT (up to 300 GeV/c). No significant p
jet
T dependence was observed for
the modification pattern within statistical and systematic uncertainties.
ATLAS Collaboration has also measured the nuclear modification of jet frag-
mentation function for Pb-Pb collisions at the LHC. Fig. 26 shows the ratios of
fragmentation functions, D(z), for central (0-10%) collisions to those in peripheral
(60-80%) collisions, for two different values of jet cone size (R = 0.2 and R = 0.3).
Similar to CMS results, an enhanced yield of low z and large z fragments together
with a suppressed yield of fragments at intermediate z was observed in more central
collisions compared to more peripheral collisions.
Jet substructure and their medium modification have also been studied in some
details by some parton energy loss models.61,138,147–149 For example, features of the
observed medium modification of jet substructure can be qualitatively reproduced
and understood by the LBT model for jet propagation. Shown in Fig. 27 (left) is
the jet fragmentation function for partons within the jet cone as a function of mo-
mentum fraction zjet that is defined by the reconstructed jet energy zjet = pL/Ejet
as in the LHC experimental data on single jets.17 A large enhancement at small zjet
is due to soft partons from the bremsstrahlung and medium recoil within the jet-
cone. There is also almost no medium modification at intermediate zjet. Similarly
to the experimental data, there is an enhancement at large zjet. This enhancement
is caused by the dominance of leading partons in the reconstructed jet energy whose
energy is reduced because a large fraction of nonleading partons is transported out-
side the jet cone. To illustrate this point, we plot in Fig. 27 (right) γ-tagged jet
fragmentation function150 whose momentum fraction is defined as zγ = pL/Eγ by
the γ energy which more or less reflects the initial jet energy before medium mod-
ification. As a consequence of parton energy loss, the γ-tagged jet fragmentation
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function at large zγ is significantly suppressed. In addition, there is also an en-
hancement at small zγ . Therefore, such γ-tagged jet fragmentation function should
be more sensitive to parton energy loss and can be used to extract jet transport
parameters of the hot medium in heavy-ion collisions.
Fig. 27. (Color online) The reconstructed (left) and γ-tagged jet fragmentation functions (right)
within a jet cone R = 0.3 of γ-tagged jets in central (0%–10%) Pb+Pb collisions at
√
s = 2.76
TeV.61
In general, there are several possible sources that are helpful to explain the
observed nuclear modifications and the redistribution of jet energy inside the cone.
First, the change in the fraction of jets originating from quarks and gluons may
give different energy distribution inside jet cone. The extra radiation associated
with inelastic collision process may lead to the broadening of the parton shower,
and the softening of the spectrum of the jet fragments. Particles resulting from the
medium response to jet transport may also contribute to the energy redistribution
in the final reconstructed jets. For example, different ways of treating the recoiled
partons may affect the final jet substructure and the energy distribution inside
the jet.61 Fragmentation and recombination mechanisms may lead to different jet
fragmentation profiles.147 In short, the understanding of the interplay between
the nuclear modifications in different r of jet shape function and different z of
jet fragmentation function can put very tight constraints on modeling jet-medium
interaction and medium-induced energy loss. This provides a new window to probe
various transport properties of the hot and dense QGP created in relativistic nuclear
collisions.
6. Medium response to jet transport
Hard partonic jets lose energy when propagating through QGP medium; some of
the lost energy from the hard jets is deposited into the traversed medium. The de-
posited energy and momentum from the jets may thermalize into the medium, which
November 11, 2015 1:40 World Scientific Review Volume - 9.75in x 6.5in ws-rv975x65-jet
Jet quenching in high-energy heavy-ion collisions 51
may contribute to many jet-related observables, such as the angular correlations of
hadrons with triggered high-pT hadrons or direct photons. The space-time evolu-
tion and the final anisotropic flow pattern of the bulk matter may be affected by the
transport and mementum deposition of the hard jets.151,152 Particles produced from
jet-induced medium excitations may flow into the jet cone and contribute to the
energy redistribution in the final reconstructed full jets. Therefore, the study of the
medium response to jet-deposited energy and the knowledge of the fate of medium
excitations are essential for a complete understanding of jet-medium interaction.
One of the most interesting phenomena in studying the medium response to
hard jets is the induced Mach cone structure.153,154 If observed in heavy-ion ex-
periments, it provides a direct probe to the speed of sound of the hot and dense
nuclear medium. But in the dynamically evolving media as produced in relativistic
heavy-ion collisions, the Mach cone pattern may be strongly distorted by the large
collective flow due to the hydrodynamic expansion of the bulk matter.155–157 Jet-
induced Mach cone structure is also sensitive to many transport properties of the
traversed medium, such as the shear viscosity to entropy density ratio.157,158
Similar to jet quenching and energy loss studies, the study of the medium re-
sponse to hard jets may be performed in two different frameworks: full Boltzmann
transport approach and jet plus hydrodynamics approach. In the full Boltzmann
transport approach such as the AMPT and BAMPS models,159,160 both the prop-
agation of the jets in the medium and the medium response to jet transport are
simulated at the same time in one Monte-Carlo transport package. In these trans-
port models, the bulk matter is usually described by a collection of quasi-classical
quarks and gluons. The interaction between jets and the medium constituents has
the same cross section as the interaction among medium constituents. In order
to describe the strong collective flow behavior of the bulk matter as indicated by
relativistic hydrodynamics calculation and experimental data, usually a very large
partonic cross section (or large coupling constant) is used in these calculations .
Fig. 28 shows a simulation of the medium response to high-energy partons using
the BAMPS parton cascade model.157 In the calculation, the medium is treated as
a gas of massless gluons, which follow the classical Boltzmann equation,(
∂
∂t
+
p
E
· ∂
∂r
)
f(x,p, t) = C[f ]. (77)
Particles (both jet and medium partons) collide only via binary collisions with an
isotropic cross section. The effect of shear viscosity is investigated by changing the
parton cross section as follows:
η/s = 0.4e/(nσ), (78)
where e and n are local energy and particle densities. In the plots, the parton is
produced at (r, φ) = (4 fm, pi) in the upper panels and at (r, φ) = (4 fm, 3pi/4) in
the lower panels, and traveling in the positive x-axis direction. The energy density
distribution of the bulk matter in the transverse plane is shown, together with the
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Fig. 28. (Color online) Energy density distribution in the transverse plane around mid-rapidity
at τ = 9 fm/c, overlaid by the velocity profile indicated by arrows. The results are shown three
different values of shear viscosity to entropy density ratio η/s. The parton is initialized at a fixed-
angle position of (r, φ) = (4 fm, pi) (upper panels) and (r, φ) = (4 fm, 3pi/4) (lower panels) with an
initial momentum along the direction of x-axis, px = E = 20 GeV. Figures are taken from Ref.157
velocity profiles. Three different values of shear viscosity to entropy density ratio
η/s (from left to right) are used. The Mach cone structures are clearly seen for small
viscosities, whereas for larger viscosities the characteristic structures are smeared
out. When jets propagate in the directions not parallel to the radial flow (lower
panels), the Mach cone patterns are strongly distorted by the radial flow.
In jet plus hydrodynamics approach, the space-time evolution of the hot and
dense nuclear medium is first simulated by relativistic hydrodynamics. Then one
calculates the medium effect on jet transport using the jet-quenching techniques
as described in previous sections. The medium response to jet transport is then
simulated via solving the hydrodynamic equations with a source term,
∂µT
µν(x) = Jν(x). (79)
Here the source term Jν(x) represents the space-time profiles of the energy and
momentum deposited by the propagating hard jets,
Jµ(x) =
(
dE
dt
,
dp⊥
dt
,
dp‖
dt
)
, (80)
where p⊥ (p‖) are the momentum components transverse (longitudinal) to the jet
propagation direction. Currently, a parallel simulation of both jet evolution and the
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medium response at the same time is not yet available as it is time-consuming. Most
studies only calculate the medium response to jet transport, and simply neglect the
effect of the medium response (change) on the subsequent evolution of hard jets.
At a given time and space location, the energy and momentum deposited by the
hard jet, the source term Jµ(x)), can be obtained from jet quenching calculations.
The energy deposited into the medium is equal to the collisional energy loss expe-
rienced by the propagating jet. For a single parton propagating through a QGP
medium, the collisional energy loss rate may be calculated within high temperature
field theory. Taking the leading logarithmic approximation, the collisional energy
loss (energy deposition) rate is given by
dE
dt
∣∣∣∣
dep
=
dE
dt
∣∣∣∣
coll
=
1
4
Csα
2
sm
2
D
(
4ET
m2D
)
, (81)
where m2D = 4piαs(1 +Nf/6)T
2 is the Debye screening mass squared and Cs is the
color factor for the propagating parton. The momentum deposition rate can also
be obtained in a similar way.
Fig. 29. (Color online) The energy density distribution of the QGP medium at τ = 9.6 fm/c in
the transverse plane at ηs = 0 and the reaction plane at y = 0. A pair of partons with the same
energy E0 = 200 GeV are produced at (τ = 0, x = 1.5 fm, y = 0, ηs = 0) and travel in the
opposite (positive and negative x-axis) directions. Figures are taken from Ref.161
After the energy deposition profiles Jµ(x) are obtained from jet quenching calcu-
lation, the medium response can be simulated via solving hydrodynamic equation.
Fig. 29 shows the medium response to the lost energy by a pair of back-to-back
partons as simulated via a (3+1)-dimensional ideal hydrodynamics simulation.161
In the calculation, a pair of back-to-back partons are created at (τ = 0, x0 = 1.5 fm,
y0 = 0, ηs = 0) with the energy E0 = 200 GeV and travel in the opposite direction
along the x axis. The initial location is chosen as x0 = 1.5 fm to mimic the the
different amounts of energy loss between two jets. The interaction between partons
and the medium is switched on at τ0 = 0.6 fm/c. The figure shows the energy
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Fig. 30. (Color online) p
||
T as a function of the dijet energy asymmetry variable AJ for the whole
region (left panel), inside the jet cone ∆R < 0.8 (middle panel), and outside jet cone ∆R > 0.8
(right panel). Six bands represent the contributions in six pT ranges: 0-0.5, 0.5-1, 1-2, 2-4, 4-8
GeV/c, and pT > 8 GeV/c. The solid circles include the contributions from all pT (and the
propagating partons). Figures are taken from Ref.161
density profiles of the QGP medium at the time τ = 9.6 fm/c in the transverse
(xy) plane at ηs = 0 (left panel) and the reaction plane (xη plane) at y = 0 (right
panel). One may see clearly the medium response and excitations generated by two
energetic partons, as well as the distortion of Mach cone patterns by radial flow in
the transverse plane.
Given the hydrodynamic evolution of the medium response, it is very interesting
to see how the lost energy and medium excitations redistribute in the final state
after hydrodynamic evolution. One may calculate the total pT -balance of the entire
system as follows:
〈p‖T 〉 = −
∑
i
∫
dpT dφppT cos(φp − φ1) dNi
dpT dφp
, (82)
where the sum is taken over all particles in the entire system. Here the projection
“‖” is taken onto the sub-leading jet axis in the transverse plane. The momentum
distribution of particles may be calculated from hydrodynamics using the Cooper-
Fry formula.
In fact, this simulation was motivated by the CMS measurements of dijet mo-
mentum imbalance, where it is found that the lost energy from the jet are carried
by soft particles at large angles.12 To mimic dijet momentum imbalance AJ , one
may change the initial position of the parton pairs x0 such that two partons lose
different amounts of energy loss. The results of the final state momentum distri-
bution are shown in Fig. 30. One can see that the total transverse momentum of
the whole system is well balanced (left panel). Inside jet cone (middle panel) the
transverse momentum is dominated by hard-pT particles. Outside jet cone (right
panel) particles with pT < 2 GeV dominate, and these low-pT particles originate
from the jet-deposited energy and momentum which are then transported by hy-
drodynamic fluid. This result is qualitatively consistent with CMS measurements
of dijet momentum imbalance and the redistribution of lost energy.12
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It should be noted that in the above calculations and many other studies of the
medium response to jet transport, a simplified energy deposition deposition profile
(for a single parton) is taken as the input to simulate the hydrodynamic medium
response. In fact, jets are collimated showers of partons which may lose energy by a
combination of elastic scatterings with medium constituents and inelastic medium-
induced emissions. In fact, both elastic and inelastic collisions play important roles
in the study of energy/momentum deposition by the jet shower and the medium
response. The radiative emissions can also deposit energy/momentum into the
medium via rescattering with the medium constituents, thus the energy/momentum
deposition profile for a jet shower is quite different from a single parton. Such effect
has been investigated in Ref.82,83 where it is found that the length dependence of
energy deposition rate of a jet shower is very different from that of a single parton.
Fig. 31. (Color online) Left panel: Solid lines denote the energy deposited in the medium by a
hard parton which does not radiate. Dashed lines denote the energy deposition by a virtual parton
evolving into a partonic shower. Dash-dotted lines denote the total energy lost by a hard parton
by radiative, elastic together with flavor changing processes. Right panel: Solid lines denote the
transverse momentum squared deposited in the medium by a hard parton which does not radiate.
Dashed lines denote the transverse momentum squared deposition by a virtual parton evolving
into a partonic shower. Figures are taken from Ref.82
This can be clearly seen in Fig. 31, where the energy (left) and transverse
momentum squared (right) deposited into the medium by a single parton which
does not radiate are compared with those by a virtual parton which evolves into
a parton shower. In the figure, the total energy loss from a single parton is also
shown for comparison. To calculate the energy deposition from a parton shower
developed from a virtual parton, one may solve the following DGLAP-like evolution
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equation:82
∂∆Ej(Q
2, q−, ζi, ζf )
∂ lnQ2
=
∑
k,l
∫
dy
y
Pj→kl(y)
∫ ζj
ζi
dζKj→kl(Q2, q−, y, ζ)
× [∆Ej(Q2, q−, ζi, ζ) + ∆Ek(Q2, q−y, ζ, ζf ) + ∆El(Q2, q−(1− y)ζ, ζf )] , (83)
where Q2 and q− are the virtuality and light-cone energy of the propagating jet.
∆E(Q2, q−, ζi, ζf ) is the total energy deposited by a virtual parton traveling from
the location ζi to the location ζf . So the total energy deposition ∆E is now de-
pendent on the virtuality (Q2) of the jet parton which controls how much parton
shower can be developed. The equation describes the change of the total energy
deposition due to the change of the virtuality of the parton (which leads to the
change of parton shower). Typically the higher virtuality that the initial parton
has, the more shower partons can be developed, and the more energy will be de-
posited into the medium. Similar equation can also been obtained for transverse
momentum squared ∆p2⊥ deposited into the medium by a virtual parton. The scat-
tering kernel Kj→kl(Q2, q−, y, ζ) in the above equation is the same quantity that
controls the energy loss the hard jets as shown in the previous sections. Therefore,
both energy loss and deposition profiles can be calculated self-consistently in the
same formalism and they are controlled by the same jet transport coefficients. Due
to the radiated partons which may serve as additional sources depositing energy
and momentum into medium, the length dependence of energy deposition rate is
significantly enhanced compared to the case of a single parton.
Fig. 32. (Color online) The fluid dynamical response to the energy deposited by a single quark
(left) or by a quark-initiated parton shower (right). Figures are taken from Ref.82
The medium response to a parton shower with the above energy deposition
profiles may be calculated as well via solving hydrodynamic equation with a source.
Fig. 32 shows the hydrodynamic response to the energy deposited by a single parton
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Fig. 33. (Color online) The energy density disturbance generated by a parton shower originating
from a primary quark with average gluon emission angle θ = 0.1 (left panel) and θ = 0.7 (right
panel). Figures are taken from.162
(left panel) and by a parton shower (right panel). Note that in this calculation, the
medium is assumed to be static and have constant temperature (density), and the
deposited energy-momentum is assumed to equilibrate after a short relaxation time
∼ 1/mD. One can clearly see that the Mach cone pattern is seen for both energy
deposition cases, but is strongly enhanced for the virtual parton which develops
into a parton shower (almost a fact of three).
However, in the above calculation of the energy deposition profiles from a par-
ton shower, it is assumed that the radiative emissions are collinear, and the spatial
distribution of the radiation is neglected. The effect of spatial distribution of jet
energy and momentum deposition profiles is explored in Ref.162 where it is found
that a wide space distribution, such as the case of large angle radiation, may de-
stroy the nice cone-like structure of medium response, as opposed to the collinear
radiation. As an example, Fig. 33 compares the medium response to a parton
shower developed from a primary quark with small average gluon emission angle
θ = 0.1 (left panel) and with large emission angle θ = 0.7 (right panel). One can
see that for nearly collinear emissions, the parton shower can generate a nice Mach
cone structure. However, for the larger angle emissions, a well-defined Mach cone
is hardly seen; the medium response is more like a superposition of several energy
density perturbations. This is due to the fact that each radiatied parton acts as a
separate source which deposits energy and momentum into the medium.
Besides the interplay between elastic collisions and inelastic radiations, and the
space-time distributions for the radiation and deposition profiles, many other ingre-
dients need to be taken into account when studying the energy/momentum depo-
sition by the hard jets. For example, a cutoff energy is often used in many model
calculations to determine which part of radiation phase space is treated as ther-
November 11, 2015 1:40 World Scientific Review Volume - 9.75in x 6.5in ws-rv975x65-jet
58 Guang-You Qin and Xin-Nian Wang
Fig. 34. (Color online) Left: Energy deposition of a parton shower initiated an 120 GeV gluon
propagating through an evolving medium. Results for using different separation scales are com-
pared. Right: Energy deposition of a parton shower initiated by an 120 GeV gluon produced
propagating through an evolving medium. Results for 10 typical individual events are shown.
Figures are taken from Ref.163
malization into the medium.163,164 Fig. 34 (left panel) shows the effect of different
choices of such energy cutoff. One can see that the change of such separation scale
from T to 4T may lead to very different energy loss/deposition profiles for the prop-
agating jet. Another important fact is that the medium probed by the hard jet is
dynamically evolving (expanding and cooling) in heavy-ion collisions, so the energy
deposition rate is first increasing and then decreasing. Also in realistic event-by-
event simulation which includes the fluctuations of the initial states and jet energy
loss, the energy deposition profiles will be very different from one event to another.
This is illustrated in Fig. 34 (right panel) which compares the energy deposition
profiles for 10 typical individual events which are initiated from a 120 GeV gluon.
7. Summary
In this chapter, we have provided a review on the recent progress in theoretical and
phenomenological studies of jet quenching in ultra-relativistic heavy-ion collisions
at RHIC and the LHC. After a short introduction, we present the basic frame-
work for studying jet production in elementary proton-proton collisions and the
nuclear modification of jets in nucleus-nucleus collisions. Different parton energy
loss mechanisms and jet quenching formalisms are discussed in some detail. The
recent progress on the phenomenological studies of jet quenching in heavy-ion col-
lisions at RHIC and the LHC is presented. In particular, we have elaborated the
effort on the quantitative extraction of jet transport coefficient qˆ, followed by lattice
QCD calculation of qˆ and the renormalization of qˆ. The study of full jets at RHIC
and the LHC is then presented, including energy loss of reconstructed jets and the
nuclear modification of the jet substructure. In the last section, the progress and
some issues about the medium response to jet transport are discussed.
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During last years, significant progresses have been achieved in various directions
in the studies of jet quenching in heavy-ion collisions, as has been presented in
this report. However, there still exist many complications and open questions. For
example, in order to narrow down the systematic uncertainties in leading-order jet
quenching studies, a fully next-to-leading order framework for studying jet evolution
and energy loss needs to be developed. A full understanding of jet substructures
and their nuclear modification requires more detailed and systematic investigation.
A general framework, with the incorporation of both realistic hydrodynamic models
and realistic jet energy loss/deposition calculations, should be developed for sim-
ulating the transport of hard jets and the medium response simultaneously at the
same time. How exactly the energy and momentum deposited by hard jets ther-
malize into the medium is not well understood. Future studies along these and
other directions will further our understanding of jet-medium interaction, and help
to achieve more accurate knowledge about the nature of the hot and dense QCD
matter produced in ultra-relativistic nuclear collisions.
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